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Preface 

Emphasis upon the various phases of chemistry has proved to be 
quite generally cyclic in nature. In the early days of modern chem¬ 
istry, inorganic materials received primary attention. This period was 
followed by the development of physical chemistry and organic chem¬ 
istry. and, subsequent to the First World War, organic chemistry was 
' strongly emphasized and attained a position of well-deserved eminence. 
More recently, however, the pendulum has begun another swing toward 
inorganic chemistry, with, emphasis upon its physico-chemical aspects 
rather than upon its treatment in a purely descriptive fashion. The 
remarkable theoretical and technical advances which have been made 
and continue to be made are again raising inorganic chemistry to the 
position that it so richly merits. 

Unfortunately, however, instruction in inorganic chemistry has not 
expanded in a completely comparable fashion. Too often, college and 
university students have made their only contacts with the subject in 
their freshman general chemistry and sophomore analytical chemistry 
courses. These contacts have been insufficient to acquaint the stu¬ 
dents wth the modern aspects of inorganic chemistry and to appraise 
them of its scope and possibilities. Too often, they have felt that all 
that is to be done in the field has long since been done. Too often, 
they have concluded that no opportunities exist either in research or in 
technology. Sober reflection shows the fallacies in such statements. 
Sober reflection also shows the need for more complete instruction in 
modern and advanced inorganic chemistry. 

For a number of years, the University of Illinois has offered a one- 
semester lecture course in advanced inorganic chemistry which surveys 
the field from a modern point of view and acquaints students with 
existing problems and current investigations. This course admits 
advanced undergraduate students and beginning graduate students. 
At the graduate level, the course provides the foundation material 
upon which the more advanced and specialized courses in inorganic 
c emistry are based. Student interest has always been high, and 
enrollments are consistently large. 

Those who have taught this course have been plagued by the lack of 
suitable textbooks to delineate the pattern which is desired. As a con¬ 
sequence, they have drawn material from a variety of books and have 
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supplemented this information by other material drawn from widely 
scattered original literature sources. The difficulties inherent in such a 
procedure are apparent to teacher and student alike. This textbook 
of mine has resulted from an attempt to remedy this situation by 
bringing together in a single volume those selected portions of the 
tremendous body of available information which seem essential to a 
comprehensive understanding of inorganic chemistry. It is designed 
primarily for a course of the type outlined, but I hope that it \vill be 
of use to all those who are interested in the subject. 

Mechanically, this book is divided into two broad parts. In Part I 
the various principles required in systematic inorganic chemistry are 
outUned. These principles are taken up in a logical order, which 
permits a principle once developed to be used in the development of 
another. A considerable volume of factual material is included to 
implement the discussions. In Part II the chemical elements and 
their compounds are discussed from the modern point of view and \vith 
the thought of applying, wherever possible, the principles developed in 
Part I. Part II is not encyclopedic in nature, but it doe&-contain 
much descriptive matter and many tabulations and systematizations 
which, it is hoped, \rill be useful. The approach in Part II is by 
families arranged by types of elements. The order followed is uncon¬ 
ventional, but it is logical and teachable. 

Every attempt has been made to keep the discussions up to date and 
to document thoroughly all important items. To these ends, the 
literature has been covered by references fo original publications 
reasonably well through 1950. The reader will recognize, of course, 
the impossibility of including accounts of the very latest rwearches 
and will appreciate that a certain obsoleteness characterize any 
scientific report. I hope, however, that except for such revisions as 
are essential in the light of continuing investigations the fundamental 
approach wll be adequate. 

I am fully aware that neither this book nor any other can satisfy 
all the needs and all the desires of all interested individuals. The 
order of topics may not appeal to everyone; the choice of topics may 
not be in accord with the desires of every person; the amount of empha¬ 
sis given each topic may not reflect the views of every reader; the 
inclusion of certain topics, nucleonics, for example, may be regarded 
as of questionable value; the essentially non-mathematical treatment 
of the subject may be considered a deficiency. It is my feeling at 
present that the topics covered and the order and fasluon in which they 
are covered can do much toward providing an individual with needed 
knowledge of inorganic chemistry. To this end I have attempted to 
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strike a reasonable balance between theoretical and descripti\c 
approaches. I will very much appreciate comments, criticisms, sug¬ 
gestions, and indications of errors. 

To acknowledge all the assistance received in the compilation of 
this book would be impossible, for help was received from innumerable 
individuals over a period of years. I am deeply grateful to all those 
with whom I have discussed the content of this book and who have 
made suggestions regarding it. I wish to acknowledge in particular 
the assistance given me l)y my colleagues, Profes.sors L. F. Audrieth, 
J. C. Bailar, Jr., and B S. Hopkins, and to express appreciation to 
my wife, Ellyn, for her understanding and her help in handling proof. 
I am grateful also to Messrs. R. H. Marshall, F. L. Pundsack, F. A. 
.1. Mos.s, V. Ramaniah. W. F. ririch, and M. Tecotzky for their 
as.sistance in checking final proof. 


Thbrald Mokllku 


University of Illinois 
June, 1952 
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CHAPTER 1 


Introduction 


Inorganic chemistry is not general chemistry. To some, thi.s may 
appear as an obvious statement of fact. To others, it may appear as a 
contradiction of accepted opinion. As opposed to organic chemistry, 
inorganic chemistry is properly a study of all chemical materials other 
than the hydrocarbons and their derivatives. Not only docs inorganic 
chemistry embrace the properties and modes of preparation of such 
materials, but it goes beyond and seeks to account for aiul explain 
specific characteristics and observed similarities, differences, and 
trends in observed behaviors. Modern inorganic chemi.stry, unlike 
classical inorganic chemistry, is more than a descriptive science. It 
attempts to relate the properties of chemical suKstancc.s to their 
structures, which in turn are related to the ultimate structiire-s of the 
particles which combined to make those substances. Modern itior- 


ganic chemistry employs, therefore, both the experimental and theo¬ 
retical approaches and requires familiarity with each. It is concerned 
with all the elements and with all the combinations in which these 
elements are found. Since it embraces a study of a variety of differ¬ 
ent individual materials, bonds, and behaviors, it is inherentlj^ more 
involved than organic chemistry. Organic chemistry, though con¬ 
cerned mth more individual compounds, involves a limited number of 
bond types and, therefore, a more restricted number of behavior types. 

®^^6geration to state that the phenomena of organic chemistry 
will receive adequate theoretical interpretation long before those of 
inorganic chemistry. 


norganic chemistry is not general chemistry. General chemistry is 
properly introductory chemistry and embraces only broad interpreta¬ 
tions of the behaviors of chemical materials while providing the necos- 
^ry bases for the further, more detailed studios involved in specific 
camW chemistry amounts essentially to a 

chemsTrv”! of theoretical chemistry, analytical 

of chemistry, and inorganic chemistry. That many 

examples studied are inorganic in nature provides no real basis 
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for terming it inorganic chemistry. Emphasis on these materials is 
merely essential to an understanding of the periodic system as a whole. 
The unfortunate concept of synonymity has been maintained too 
long. It were well to discard it and then to develop the subject clearly 
and Nvithout preconceived views. 

Classical inorganic chemistry was essentially purely descriptive. 
As such, it was the dominant phase of chemistry throughout the major 
portion of the nineteenth century. With the advent of ideas on atomic 
structure in the early years of the twentieth century, emphasis changed, 
and the resulting trend toward accounting for observed properties 
and behaviors rather than accepting and tabulating them as such has 
increased as more and more knowledge about the fundamental charac¬ 
ter of matter has been accumulated. This was the genesis of modem 
inorganic chemistry. Its growth during the twentieth century has 
been largely along such lines, although necessary emphasis upon 
descriptive chemistry has been retained to provide data for systematic 
studies. The lines of demarcation between inorganic chemistry and 
other phases of chemistry have become less well defined. As aresult, 
one finds in modem inorganic chemistry considerations of crystal 
structures, radioactivity, color, analytical methods, oxidation-reduc¬ 
tion phenomena, acid-base phenomena, physical measurements of a 
number of types, and a host of other things. To fit these into a logical 
picture which will then describe the scope of the entire subject is the 
primary purpose of the first part of this book. 

Because so much of modem development in inorganic chemistry 
either involves atomic structure directly or is concerned with interpre¬ 
tations based upon atomic structures, it seems wise to base the general 
treatment of the subject upon the concepts of atomic structure. From 
these views, then, other concepts can be developed logically. In this 
chapter, significant developments which have led to modem views on 
atomic structure are outlined. In the next two chapters, the nature, 
implications, and applications of modern views are discussed. Sub¬ 
sequent chapters are devoted to the development of inorganic chemis¬ 
try in the light of these views, and in Part II the principles developed 
in Part I are applied to specific inorganic materials. 

THE ATOMIC NATURE OF MATTER 

The concept that matter is built up of tiny discrete particles prob¬ 
ably originated with the early Greek philosophers. In fact, the 
designation atom for such a particle stems from the Greek meaning 
“not divided." However, it was not until about 1802-1803 that the 
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rather nebulous ideas of the early thinkers were given the more 
quantitative interpretation necessary to modern development. At 
that time, John Dalton, the father of modern atomic theory, suggested 

that: 

1. Matter is composed of tiny real particles called atoms, 

2. Atoms of any pure substance can be neither subdivided nor 
changed one into another. 

3. Atoms are incapable of being destroyed or created. 

4. Atoms of any pure substance are identical with each other in 
weight, size, and other properties. 

5. Atoms of one pure substance differ in weight ancl other chariictcr- 
istics from those of other substances. 

6. Chemical combination amounts to the union of atoms in <lefinite 
numerical proportions. 

The fundamental importance of these thoughts cannot be minimized, 
even though some are no longer true in substance. Dalton's hypoth¬ 
eses were incapable of direct verification, but they were in accord with 
experimental fact and influenced chemical thought for over a century. 
It should be mentioned also that Dalton supplemented his getieral 
concepts with values for atomic sizes and weights. These values are 
without real significance. 

Developments subsequent to Dalton’s proposals amounted to 
expansions of the atomic theory and more comprehensive explanations 
of its tenets. Thus Prout (in 1815) proposed that the weights of all 
atoms were simple multiples of the weight of the hydrogen atom and 
that hydrogen was thus the fundamental material out of which all 
other elements were constructed. Although fundamentally incorrect 
(p. 36), Prout’s hypothesis does contain the ideas that atoms them¬ 
selves are complex and that certain even more simple particles may 
exist. As the nineteenth century progressed, this thought grew in 
stature, particularly after the work of Michael Faraday (in 1833) 
showed matter to be electrical in nature and demonstrated equivalences 
between electrical energy and chemical change. 

The complexity of the atom became increasingly apparent with dis¬ 
covery of the electron, of x-radiation and other types of radiation, of 
radioactivity, of nuclear reactions, and of a number of subatomic 
particles. The inescapable conclusion based upon the wealth of 
accumulated data is that a number of particles are essential to the 

particles may now be considered in 
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Fundamental components of atoms 

It is convenient to consider atoms as being composed of several types 
of ultimate particles. Some of these are of sufficient stability to be 
capable of independent existence outside an atom. Others are so 
unstable by comparison as to exist only momentarily outside the atom 
or to possess only transient existence within the atom itself. Most of 
these particles are simple in nature, although some composite particles 
are known as well. However, there is little or no positive evidence 
that any composite particle plays a real role in the construction of an 
atom. Only the salient features of these particles need be considered 
here. For more detailed consideration, reference should be made to 
such a comprehensive text as that by Stranathan.^ 

Stable Particles. Only three such particles are recognised, namely, 
the negative electron, the proton, and the neutron. 

THE NEGATIVE ELECTRON, ELECTRON, OR NEOATRON {e~, .Je, 

The term electron was first employed in 1874 by Stoney, who used it 
for the unit charge on a monovalent negative ion. Because of errors, 
however, the currently accepted magnitude of this charge is some six¬ 
teen times Stoney’s value. In 1879, Sir William Crookes showed that 
in highly evacuated discharge tubes so-called cathode rays streamed 
from the negative poles when high potentials were applied. Regard¬ 
less of the natures of the negative poles used or the natures of the 
residual gases in such tubes, these cathode rays were found to possess 
the following characteristics: 

1. Travel in straight lines from the negative pole (cathode). 

2. Cast shadows when targets are placed in their paths. 

3. Produce mechanical motion in pinwheels. 

4. Produce fluorescence in glass walls of the tubes. 

5. Heat thin metal foils to incandescence. 

6. Impart negative charges to objects in their paths. 

7. Suffer deflection in applied electrostatic or magnetic fields. 

Later, it was also shown that they cause ionization in gases, expose 
photographic plates, and yield penetrating x-radiation when directed 
against suitable targets. These characteristics suggest that such 

* J. D. Stranathan: The “ParticleM" of Modem Phyeice. The Blakiston Com¬ 
pany, Philadelphia (1942). 

* Among physicists, the term negatron is preferred, and the term electron is applied 
to both negative and positive particles. Among chemists, however, the term 
electron is iised universally to characterize the negative particle, and this is the 
usage which will be followed in this book. 
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rays are made up of small but energetic negative particles. This was 
proved in 1897 by Sir J. J. Thomson. These particles are called 

electrons. 

Although independent evidences for the existence of electrons in 
matter were obtained through the production of identical particles by 
thermionic and photoelectric emission and as a result of radioactive 
decay, perhaps the most significant studies were made with cathode 
rays. Using tubes in which a collimated beam of cathode rays could 
be deflected by the simultaneous application of magnetic and electro¬ 
static fields arranged perpendicular to each other, Thomson* evaluated 
the ratio of charge to mass (cim) for the electron by measuring the 
magnitudes of the two fields required to produce no deflection in the 
electron beam. Although the value obtained by Thomson has been 
revised upward by more precise measurement, his observation that 
the ratio e:m is the same regardless of the nature of the cathode or 
residual gas has been shown to be valid. This leads to the conclusion 
that all electrons are identical. Evaluation of the electronic charge 
was first effected by Millikan**^ by use of the classic oil-drop experi¬ 
ment, in which the rate of fall of a tiny charged oil droplet due to 
gravity was exactly balanced by an electrostatic field of measured 
intensity. Millikan’s value was accepted as exact for many years, 
and only recently have more precise measurements necessitated 
revision of it. The numerical characteristics given in Table IT repre¬ 
sent the most generally accepted values at the present time. The 
reader will understand that literally hundreds of experiments in 
addition to those described have been involved in the complete 
characterization of the electron. 

It should be pointed out that, although the electron has been charac¬ 
terized as a finite particle and is most usefully so considered by the 
chemist, it does possess wave properties. Although it is beyond the 
scope of this book to explore this view, such properties as reflection " 
and diffraction can best be explained by means of such considerations. 
These views on the wave properties of an apparently particulate 
material were first advanced by de Broglie^ and have since formed the 
basis for theoretical views on the extranuclear structures of the atoms. 
Their treatment lies properly in the realm of theoretical physics. 

THE PROTON (p, }p, P, |H). Detailed experiments with discharge 
tubes of the cathode ray type showed the presence of beams of positive 

* J. J. Thomson; Phil. Mag. [51, 44 , 293 (1897). 

• R A. Millikan; Phil. Mag. (6), 19, 209 (1910). 

IT 349 (1911); 2, 109 (1913). 

Jj- de Broglie: Ann. phy$., 8, 22 (1925). 
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particles (positive rays or canal rays), which unlike the electrons of 
cathode rays depended for their charges and masses upon the natures 
of the residual gases in the tubes. Some of the results obtained for 
the positive rays will be explored in the next chapter (pp. 21-25). 
However, it was found that unipositive particles with maximum ratio 
of charge to mass were obtained when the residual gas was hydrogen. 
These particles, called protons, were found to be identical with hydro¬ 
gen atoms from which the single electrons had been removed. The 
appearance of protons as products in a variety of nuclear reactions has 
led to the general feeling that their presence in all atomic species is 
likely (pp. 66-71). The general characteristics of the proton are 
summarized in Table Tl. 

THE NEUTRON (n, Jn, N). Existence of a neutral particle common to 
most atomic species was predicted around 1920, but the difficulties 
associated with detecting a particle which could neither ionize other 
materials except by direct collision nor be deflected by magnetic or 
electrostatic fields were so great that proof of its existence was long in 
coming. The discovery of the neutron was foreshadowed by an 
observation by Bothe and Becker® that bombardment of certain of 
the lighter elements (e.g., Li, Be, B) with alpha particles yielded a 
penetrating radiation, an observation which was checked by others 
but attributed to gamma radiation (p. 57). In 1932, Chadwick^ 
showed definitely that such radiation was due to neutral particles of 
approximately unit mass (Table IT) generated by nuclear reactions 
such as 

•Be + jHe — “C + Jn 

(see p. 26 for explanation of notation used). Although similar 
reactions are difficult to effect with the heavier elements, evidences 
from a variety of nuclear reactions, especially those of the fission type 
(pp. 72-77), support the vietv of the nearly universal occurrence of 
neutrons. Outside nuclei, neutrons appear to be unstable. 

Unstable Particles. Among such particles are the positron, the 
neutrino and antineutrino, and the meson. 

THE POSITIVE ELECTRON OR POSITRON (e*, Je, ^). The pOsitivC 

counterpart of the electron was discovered more or less accidentally by 
Anderson® in 1932, when, during studies on the effects of magnetic 
fields upon particles ejected from atomic nuclei by absorption of cosmic 

• W. Bothe and H. Becker: Z. Physik, 68, 289 (1930). 

^ J. Chad^nck: Proc^ R<iy. Soc. (London)^ AlSSy 692 (1932)« 

• C. D. Anderson: Phy$. Rev., 41 , 405 (1932); 43 , 491 (1933). 
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rays, he noticed fog tracks* exactly like those given by electrons hut 
deflected in the opposite direction. Particles responsible for those 
tracks were called positrons. They apparently resulted from cosinu- 
radiation through the creation of electron-positron pairs. I'hey are 
also noted in the decay of certain radioactive substances (p. 54). 
However, their stable existence under any circumstance appeals 
highly unlikely since electrons and positrons mutually annihilate each 
other with the production of gamma radiation (p. 57). Characteris¬ 
tics of the positron are summarized in Table IT. 

THE NEUTRINO AND ANTi-NEUTHiNO (i'). I'liese are particlcsof small 
mass and zero charge the existence of which has been postulated to 
account for energy changes during the radioactive emission of cUm-- 
trons and positrons (p. 54). The neutrino is supposedly associated 
with and shares the energy of the electron, whereas the anti-neutrino 
occupies the same position with respect to the positron. Although 
these particles seem very probable, no concrete evidence for the exist¬ 
ence of either has been obtained. 

THE MESON (FORMERLY MESOTRON). To acoount for nuclcar 

binding energies (p. 18), Yukawa'® postulated the existence of a 
particle (the meson) of mass intermediate between the electron and 
the proton. Mesons were discovere<l first in cosmic ray studies, result¬ 
ing doubtless from the effects of cosmic radiation on matter. Recent 
work in ultrahigh energy ranges with the cyclotron has led to the 
creation of mesons in the laboratory. Mesons are of two types, 
designated v and n, the former being somewhat heavier than the latter 

(Table IT), Both t and n mesons are unstable and are believed to 
decay bs 

7r± —♦ p± -|- ,, 1Q~8 ggp 


i- ^ 






Apparently, both types of mesons may be either positively or nega¬ 
tively charged as indicated. An interesting summary of the charac- 
tenstics of mesons is given by Keller.*^ 

Composite Particles. The only composite particles which are of 
importance are the deuteron and the alpha particle. 

Zu ihJlZ with water vapor, condensation resnlts 

water droolet^ ’ Th^ ° parliclc bcoomes visible as a track of tinv 

particll Th^ f ^-r hy A\ ilsnn* in t),e study of su.-l. 

‘“H Y^ZZproc p7' A86, 285 (1911); A87. 277 (1912). 

» J M k- n Soc. Japan (3), 17, 48 (1935). 

J. M. Keller: Am. J. Phya., 17, 356 (1949). 
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THE DEUTERON (d, Jd, fH, *D). The deuteron is a deuterium (heavy 
hydrogen) nucleus and bears the same relation to heavy hydrogen 
that the proton does to ordinary hydrogen. Although useful as a 
bombarding particle (p. 70), it plays no role in the ultimate composi¬ 
tion of matter. 

THE ALPH.\ PARTICLE (a, jHe). The alpha particle is a doubly 
charged helium nucleus. Its appearance as a product of radioactive 
decay (p. 57) and the fact that the masses of many comparatively 
stable atomic nuclei are multiples of its mass (p. 28) suggest its 
importance as a fundamental atomic constituent. Actually, there 
is little or no evidence to support this view. 


Suggestions as to other particles, namely anti-protons, anti-neutrons, 
and various other types of mesons, must still be regarded as tentative 
and in need of experimental verification. The general characteristics 
of the particles described above are summarized in Table IT. 


TABLE 11 



Characteristics of 

Elementary 

Mass, 

Particles 

Charge, 

Particle 

Designation 

AMU* 

esu X 10* 

Electron 

e-. 0 - 

0.0005486 

-4.8029 (' 

Proton 

P, \P, IH 

1.00767 

-1-4.8029 

Neutron 

n, Jn 

1.00893 

0 

Positron 

0* 

0.0005486 

-1-4.8029 

A 

Neutrino 

V 


0 

#\ 

Anti-neutrino 



0 

Meson 

X 

0.156t 

±4.8029 


0 118$ 

±4.8029 

Deuteron 

d, \d, *D 

2.01416 

-1-4.8029 

Alpha 

a. }He 

4.00279 

+9.6058 


Relative 

Charge 

—e 

+e 

0 

+e 

0 

0 

±« 

±e 

+« 

+2e 


• AMU, atomic mass uniU, are the units of the physical atomic weight scale 
(D. 33): 1 AMU « 1.6603 X 10-”g 

t esu, electrostatic unite, are the fundamental unite of electrical charges. 

X Equivalent to 285 electron masses. 

I Equivalent to 216 electron masses. 


The ilevelopmcnt of modern atomic theory 

Modern atomic theory has developed largely since about 1898. 
This development has amounted to a series of discoveries involving 
the elementary particles just described and the phenomena associ¬ 
ated with them, followed by logical expansions of theoretical views to 
accommodate these observations. The picture is not complete, nor is 
it conceivable that a complete picture will be obtained for many years 
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to come. The developing picture has assumed more and more of a 
mathematical character, and less and less opportunity to use models, 
formerly so common, remains. The story of the-^e developmcnt.s is a 
fascinating one. Here, however, only a few of the more outstatiditig 
contributions to a picture useful to chemists atid physicists alike can 
be described. In the next two chapters, these basic ol)servations are 
expanded and supplemented. 

The first attempt to depict an atom from an electrical point of view 
was apparently made in 1904 by Thomson.'- He pictured a jelly-like 
atom made up of positive and negative electricity, with the positive 
charge distributed uniformly throughout a sphere representing the 
atom. Inasmuch as atomic diameters had been shown to be of the 
order of 10"® cm. (1 A), the positive portion of such an atom would 
necessarily extend through a region of this size. It soon became 
apparent, however, that the relatively high eriergies associated with 
alpha particles ejected from radioactive atoms would require the 
existence of a positive charge concentrated in a region of diameter 
somewhat less than 10"* cm. As a re.'^ult, Thomson’s views could 
not be correct. 

Modern views accept a nuclear atom. These stem from experiments 
carried out by Rutherford'® on the scattering of alpha particles by 
thin metal foils. In a detailed investigation, Rutherford allowed 
collimated beams of alpha particles from radium-C (p. G5) to pass 
through thin foils (ca. 0.0004 cm.) of gold, platinum, silver, and copper 
and noted the deflection suffered by such particles by allowing them to 
strike a zinc sulfide fluorescent screen, where they could be observed. 
Although the majority of the particles passed through the foils unde¬ 
flected, a limited number were deflected through much larger angles 
than could be accounted for only by attractions between heavy alpha 
particles and light electrons. To account for such deflections, Ruther¬ 
ford proposed that an atom is largely space occupied by widely sepa¬ 
rated electrons, vnth the mass concentrated in a tiny, centrally located 
positively charged nucleus. On this basis, observed alpha particle 
deflections might be considered as having arisen in the manner shown 
diagrammatically in Figure M. Indeed from the measured angles of 

reDpT!rrrK alpha particle and a nucleus 

evahmt ft? according to the inverse square law, it was possible to 

■ _ he validities of this assumption and the basic premise of a 

Vn, Archibald 

'* E. Rutherford: Phil. Mag, [$], 21, 669 (1911). 
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Undeflected 



a 


50 



Fio. 1-1. Schematic representation of scattering of alpha particles by an atom 


nuclear atom are shown by calculated nuclear charges of 78 (±5%) for 

gold, 29.3 (±0.5) for copper, etc.** 

The other really significant development essential to the appearance 
of modern views was due to work by Moseley.’® Rontgen had shown 
in 1895’* that bombardment of a target with cathode rays (electrons) 
yielded a very penetrating radiation of short wavelength, which he 
called x-rays. Such radiation is now believed to be due to the energy 
released when inner electrons in atoms are displaced and other elec¬ 
trons then drop back into the vacated spaces (pp. 81-83). It was 
soon shown that x-rays could be diffracted into spectra somewhat 
similar to those obtained with longer wavelength radiation (p. 80), 
provided a grating of sufficiently close spacings, such as a natural or 
synthetic crystal, were employed. Such a spectrum consisted of 
series of lines which, in the order of increasing wavelength or decreasing 
frequency, were called K, L. M, etc., series. Lines of the series 
were observed for all elements, those of the L senes only with zinc 
and elements of larger atomic weight, and those of the M ^nes 
only with the heaviest elements. Moseley prepared x-ray tubes in 
which targets made either from elements of regularly increasing 
position in the periodic system or from their compounds were bom¬ 
barded. The resultant radiations were diffracted by appropnate 
crystals, and the spectra produced were recorded photographically. 
When these spectra were compared, it was noted that, if for a given 
series of lines (for instance. K) a line of particular frequency (for 
instance, the highest) was selected, this line was displaced regularly 
toward shorter wave lengths as atomic weight of the target m^atenal 


*« H Geiger and E. Marsdcn: Phil. Mag. (6), 26, 604 (1913). 

i» h’ G J. Moseley: PhU. Ma^. (6). 26, 1024 (1913); (6), 27, 703 (1914). 

i« W. C. Rflntgen: Ann. Pbysik, 64 , 1 (1898). Reprint of an earlier paper. 
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Fio. 1-3. Gr&phic adaptatioD of Moseley’s x-ray spectra for L series for heavier 

elements. 
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increased. This is shown in Figures T2 and 1’3 as idealized drawings 
adapted from Moseley’s photographs. 

Moseley found that, if to each element an atomic number {Z), 
representing the ordinal number of occurrence of that element in the 
periodic system (Z = 1 for H, 2 for He, etc.), was assigned, the fre¬ 
quency V of the particular line in question would be given very nearly 
exactly by the relation 

V = a(Z - by (1-1) 

where a and b are constants. Or, as shown in Figure 1-4, the graphical 
relation between Z and \/v was found to be almost linear. The 


AtorDic weight 



Fio. 1-4. Relation of frequency of x-ray spectrum line and atomic number and 
weight. (Adapted from J. D. Stranathan: The •‘ParlicUe" of Modem Phy$iee, 

p. 298. The Blakiaton Company, Philadelphia (1942j.) 


fundamental character of Moseley’s contribution became apparent 
when it was shown that his atomic number was identical with the 
nuclear charge as deduced from Rutherford-type scattering experi¬ 
ments. The atomic number was interpreted as giving the number of 
electrons within the atom. 

Tbe observations of Rutherford and Moseley provide the foundations 
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Suggested Supplementary References 

of present-day atomic theory. They have, of course, i)cen supple¬ 
mented by a variety of important and profound developments, among 
them the discovery of isotopes, Bohr’s theory of electronic arrange¬ 
ments and the subsequent considerations of Sommcrfeld and the 
quantum mechanics, the discovery of nuclear transformations, the 
discovery of other fundamental particles, the di.scovcry of nuclear 
fission, and a host of others. Many of these are considered in the two 

subsequent chapters. 

The essentials of modern atomic theory 

From experimental observation and theoretical consideration, it is 
believed that the atom consists essentially of two parts, namely: 

1. A positively charged nucleus which is small in size (diameter 
10~‘* cm.) and comparatively heavy. 

2. An extranuclear arrangement of electrons which is comparatively 
large (diameter ~ 10“* cm.) and diffuse in character. 

The nucleus may be regarded as a physical factor governing many of 
the physical characteristics of the atom, whereas the extranuclear 
structure is a chemical factor determining its chemical behavior. It 
is now necessary to explore each factor in greater detail. 

SUGGESTED SUPPLEMENTARY REFERENCES 

H. T. Briscoe: The Structure and Properties of Matter, Ch. I, II. McGraw-IIill 
Book Co., New York (1935). 
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York (1948). 

S. Glasstone: Textbook of Physical Chemistry, Ch. I, II. D. Van Nostrand Ck>., 
New York (1946). 

A W. Stewart and C. L. Wilson: Recent Advances in Physical and Inorganic 
Chemistry, 7th Ed., Ch. I. Longmans, Green and Co., London (1944). 

J. D. Stranathan: The ‘•Particles" of Modem Physics. The Blakiston Co., Phila¬ 
delphia (1942). 

S. Glasstone: Sourcebook on Atomic Energy, Ch. I, II. D. Van Nostrand Co., 
New York (1950). 



CHAPTER 2 


Atomic Nuclei and 
Properties Related Thereto 

Some detailed considerations on atomic structure may now be 
offered. Of the two general regions into which the structure of the 
atom has been divided, that involving the nucleus woll be discussed 
first since it bears less relationship to the majority of the topics to be 
considered in this book than does the extranuclear region. Although 
it may be argued that discussions of atomic nuclei lie more properly in 
the fields of applied and theoretical physics, the line of demarcation 
between physics and chemistry has become so indistinct in recent 
years that neither of these branches of physical science can any longer 
be considered independent of the other. If the chemist is to employ 
the outer architecture of the atom to best advantage in solving his 
problems, he must be conversant with the inner architecture as well 
and with those properties which are dependent upon it. 

Although knowledge relative to atomic nuclei has increased tre¬ 
mendously in the past few years, it must be admitted that surpnsingly 
little is known in comparison with what remains to be learned. This 
is particularly true of theoretical considerations. Much of what is 
offered in a theoretical way to account for the constituents of atoms and 
their behaviors amounts more exactly to restatement of observed fact 
and cannot be used for further predictions. This is due largely to the 
lack of adherence of particles of nuclear and subnuclear dimensions to 
cla.ssical behavior. However, much useful information concerning 
the behaviors of nuclei, their syntheses, their stabilities, the release of 
energy from them, and their general properties can be pre.seiited. If 
such fundamental points as the exact compositions of atomic nuclei and 
the true natures of the binding forces which render them stable remain 
unsettled, they should be regarded as goals for future achievement. 

In the discussion which follows, no attempt has been made to cover 
more than the real essentials. The treatment is non-mathematical 
and where possible, modular in character. More comprehensive 
’ 26 
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treatments as indicated in the cited references may be consulted with 
profit by the interested individual. 

THE COMPOSITIONS OF ATOMIC NUCLEI 

A number of combinations of the fundamental particles discussed in 
Chapter 1 lead to nuclei with the requisite mass numbers (A)* and 
positive charges (Z). Among the more important nuclear pictures 
which have been offered are those which are described here. 

The Proion-Electron Concept. Offered shortly after development of 
the nuclear atom concept, this view, in spite of its weaknesses, was 
quite generally held until the discovery of the neutron in 1932. The 
nucleus was considered to contain sufficient protons (A) to account for 
its mass and sufficient electrons (A — Z) to neutralize the proton 
charges in excess of those indicated by the atomic number (Z). Both 
nuclear protons and electrons were regarded as essentially free, and a 
distinction between extranuclear and nuclear electrons was always 
necessary. The improbability of the coexistence of oppositely charged 
particles wdthin the small element of space (sphere of diameter 10“'^ 
cm.) encompassed by the atomic nucleus caused many to question the 
proton-electron concept and led both Harkins and Rutherford to 
postulate the existence of the neutron as early as 1919. The improb¬ 
ability of such a charge combination must be regarded as the strongest 
argument in support of the ultimate rejection of this view. 

The Proton-Neutron Concept. Discovery of the neutron was fol¬ 
lowed logically by an alteration of the nuclear picture to accomodate 
this neutral particle. Since the neutron was regarded as a close com¬ 
bination of an electron with a proton, the nucleus was considered to 
contain protons equal in number to the atomic number (Z) and neu¬ 
trons {N) equal in number to the mass number (A) minus the atomic 
number. The proton-neutron concept is the most consistent in 
accounting for the majority of the properties of atomic nuclei and is 
the most widely held at the present time. Nevertheless, it is far from 
perfect. It is difficult, for example, to conceive of the stable packing 
together of numbers of positive particles in the small element of volume 
that is the nucleus. Nor in the usual sense can one conceive of sizable 
attractive forces between neutrons and protons. Although it is per¬ 
haps wrong to visualize the nucleus as a mere grouping of neutrons and 
protons, such a view is qualitatively useful. To regard a neutron as 
being a combination of a proton and an electron is probably equally 
in error, but it is again of qualitative use. 

• The mass number is the whole number closest in magnitude to the actual 
weight (in AMU) of the species in question. 
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The Positron-Neuiron Concept. Alternatively, the nucleiw may be 
conffldered to contain positrons equal in number to the atomic number 
{Z) and neutrons equal in number to the mass number (A). In a 
broad sense, then, the proton would represent an intimate combination 
between a positron and a neutron. Although such a concept is 
attractive in accounting for positron emission in decay proce^ (p. 
54), there is little evidence that it is a true one. Nothing is gained by 
adopting view in preference to the proton-neutron concept. 

In the discussions which follow, the neutron-proton model is used 
exclusively. Inasmuch as the neutron and proton differ by a unit 
charge, one may write 

neutron + positive charge proton (2*1) 

and 

proton + negative charge ^ neutron (2*2) 

For practical purposes, particularly in accounting for changes in 
nuclear charges during radioactive decay processes (pp. 62-66), 
this positive charge may be regarded as a positron (e+) and this nega¬ 
tive charge as an electron {er). The neutron and proton can then be 

formally related as 

neutron ~ "** proton (2*3) 

+•- 

The true state, however, is less simple. It is believed that attractive 
forces between neutron and proton are due to transformation of one 
into the other by means of electromc charges, such transfoimatioM 
being referred to as exchange or resonance processes. The small 
masses of the electron and positron forbid their functionmg in such 
processes. Mesons with their larger masses, however, can so function, 
and it is believed that they are responsible for nuclear for^. "Ccord- 
ing to Berber^ nuclear forces arise from the creation and annihilation 
of T mesons (p. 9) by nuclear particles (nucleons). He proposes the 
following scheme of nuclear process: 


p^n + T+ 

(2*4) 


(2*5) 

-I- 2r 

(2*6) 

p- + p-^n+ w 

(2*7) 


1R. Berber: Phys. Rec., 76, 1459 (1949). 
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which show the relation of proton to neutron in terms of ir and y. 
mesons and the neutrino (»-). This view appears acceptable in the 
light of most recent evidences. 

Many attempts have been made to reduce observed nuclear com¬ 
positions to a series of types which are more or less periodic in charac¬ 
ter. It is beyond the scope of this treatment to discuss this subject in 
detail. The interested reader will find the comprehensive account by 
Kurbatov* to be worth study. It is of interest to point out, however, 
that nuclei with 2, 8, 20, 28, 50, 82, or 126 neutrons or protons are 
especially stable. These so-called magic numbers are conceived to 
represent closed shells of nucleons.*'* 


ISOTOPES 


Of the postulates'of Dalton’s atomic theory (p. 5), only the one 
suggesting that all atoms of a given element are identical to one another 
and equal in weight has been proved to be seriously in error. Actually, 
if identity is taken to mean identity in chemical characteristics, only 
the idea of equality in weight need be seriously altered. Such a 
postulation, although incapable of proof in Dalton’s time, seemed so 
logical that even the many fractional atomic weights found during 
attempts to prove Front’s hypothesis (p. 5) failed to shake faith in 
it. That fractional atomic weights necessitate the assumption that 
atoms themselves must have fractional weights for acceptance of this 
phase of Dalton’s theory apparently troubled few, if any, investigators. 

This general concept was first questioned in 1886 by Sir William 
Crookes. The following quotation from Crookes’s original publica¬ 
tion* sun^arises his views: ‘*I conceive that when we say the atomic 
weight of, for instance, cUcium is 40, we really express the fact that, 
while the majonty of calcium atoms have an actual weight of 40, there 
are not a few which are represented by 39 or 41, a less number by 38 
or 42, and so on.” Whin one reaUzes that this statement was based 
upon no physiol or chemical evidence, one is struck by Crookes’s 
almost prophetic insight into the nature of matter. Yet this concept 
was not destined for acceptance for some time. Shortly after this 
proposal, Crookes separated f earth yttria (p, 891) into a number of 
components with similar c’ -operties but different phosphor¬ 
escence spectra.* Thesp contaimng the same element 



* J. D. Kurbatov: J 
*M, May^r* 
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but with differing atomic weights. Subsequent work by others 
showed his postulated meta-elements to be different elements, and the 
concept of variability in atomic weight was abandoned. 

More conclusive evidence of the truth of Crookes’s early specula¬ 
tions was presented shortly after the discovery of radioactivity. In 
1906, Boltwood^ discovered a new radioactive element, which he called 
ionium and which he found to have chemical properties so similar to 
those of thorium as to render its compounds chemically inseparable 
from those of thorium. Further work by others showed differences m 
mass and radioactive properties which proved ionium and thonum to 
be different materials. Yet even the arc spectra of the two were 
identical.® The chemical identities of mesothorium-I with radium 
and of radium-D with lead were established at about the same time, 
and Soddy suggested® that “chemical homogeneity is no longer a 
guarantee that any supposed element is not a mixture of several differ- 
ent atomic weights, or that any atomic weight is not merely a mean 


Final evidence was presented in 1913, when it was shown by positive 
rav analysis^ (p. 21) that neon contains atoms of mass numbers 20 
and 22 those of the latter type constituting much the smaller fraction 
of the whole. At the same time, Soddy, in considering the 
elements suggested the term isotope (Greek, equal places) m the 
following words;" “The same algebraic sum of the positive 
live charges in the nucleus when the arithmetical sum is different 

gives what I call ‘isotopes’ or ‘isotopic elements’ because 
fhe same place in the periodic table. They are chemically identical, 
Ind save Ly as regards the relatively few physical properties which 
depend upon atomic mass directly, physically identical also. 

^ubL^nt investigations have shown that the occurence of ele¬ 
ments a^ mixtures of isotopes is the rule rather than the 
Isotopes may be defined as atoms the nuclei of which 
number of protons but different numbers of neutrons. It fo“ows, 
therefore, that all isotopes of a given species contain the same numbe 
of eTectrons, and, since these electrons are identically ajranged (Ch. 
3) it is not surprising that essential i tity in chemical characteris- 


tics should result. Such differ^' 


oerties as are due to mass 


B. Boltwood: Am. J. Sci. 
• A. S. Russell and R. Rossi' 

I IT * 

J. J. Thomson' 
lip. Soddy: 
p. ■445 (191^ 


24, 370 (1907). 
•77, 478 (1912). 
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differences can be large only with the lightest elements because it is 
only with them that percentage differences in mass are appreciable. 


The detection and study of isotopes 

One of the most important experimental approaches to the study of 
isotopes has involved positive ray analysis. Although discovered in 
1886 by Goldstein^^ as luminous paths behind a perforated cathode in a 
discharge tube, positive rays were not examined systematically until 
much later, when their production was shown to be a common phe¬ 
nomenon and their natures to depend upon the type of residual gas 
present in the tube*® (p. 8). 

Like electrons, positive rays are deflected by electrostatic and mag¬ 
netic fields, and the extents of such deflections in fields of known 
strength may be used for the evaluation of charge to mass {e:m) ratios. 
The parabola method devised by Thomson*® was the first used for 
accurate studies. In this procedure, a narrow beam of positive 
particles, obtained by passage through a small hole in the cathode of a 
discharge tube, was passed through electrostatic and magnetic fields 
of known strengths applied simultaneously and colinearly. Deflec¬ 
tions were measured by recording the position of the emergent beam 
upon a photographic plate. It can be shown*® that under such condi¬ 
tions all particles of the same charge to mass ratio but of differing 
velocities will fall along a parabolic path recorded on the film. In an 
actual experiment, a variety of parabolic paths, each characteristic of a 
particular positive ion species, is obtained. From the constants of a 
given parabola and the known field strengths, the characteristic charge 
to mass ratio can be evaluated. 

Exact interpretation of experimentally determined positive ray 
parabolas is complicated by a number of factors. Thus every ionizable 
material in the discharge tube will yield at le^t one parabola, and 
careful account of the purity of the sample must be taken. Further¬ 
more, a single material will commonly yield more than a single ioniza¬ 
tion product. For example, an analysis of carbon dioxide*® gave 
parabolas corresponding to the species CO 2 +, CO+, C+, 0+, and 

O'*"*. Each parabola requires careful characterization. 

In spite of these difficulties, positive ray parabolas may be used to 
show the existence of isotopes and to evaluate their mass numbers. 
In 1913, Thomson*** first ascribed particles of mass 22 found in the 
analysis of neon to an element of similar properties occurring in the 


**E. Goldstein: Btr. Preuss. Akad. WUs., 39, 691 (1886). 

** J. J. Thomson: Rays 0 / Po8itu>e EleclricUy and Their A ppliration to Chemical 
Analyses, 2nd Ed. Longmans, Green and Co., London (1921). 
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neighborhood of neon, but these observations were soon shown to be 
due to a neon isotope of this mass number (p. 20). 

Nearly simultaneously, both Dempster'* and Aston** adapted 
positive ray procedures to the study of mass spectra. Both pro¬ 
cedures differed from Thomson’s essentially in the application of the 
magnetic field perpendicular to the electric field in order to effect 
focusing of all particles of a given charge to mass ratio. The funda¬ 
mentals of Dempster’s apparatus are shown in Figure 21. Positive 
ions from a heated filament F were accelerated by an electric field 



Fio. 2-1. Principles of Dempster’s apparatus. 

applied between this source and a slit Si, and then bent by a magnetic 
field H applied perpendicular to the plane of the drawing. Those 
passing through a second slit were then measured as a positive ion 
current with an electroscope at E. Since it can be shown that the 
masses of the positive ions reaching the electroscope are dependent 
upon the accelerating potential and since the measured positive ion 
current is proportional to the number of positive ions striking the 
electroscope, Dempster’s procedure amounted to varying the accelera^ 
ing potential and recording a positive ion current at each potential. 
Plots of positive ion current against mass number then yielded peaks 
indicating isotopes at definite mass numbers, the heights of these 
peaks being proportional to the relative abundances of the isotopes. 
Typical of Dempster’s early results are data given in Figure 2-2 for 
magnesium, where the existence of magnesium isotopes of mass num¬ 
bers 24, 25, and 26 is clearly shown.** From the relative heights of 
the peaks the average mass was determined to be 24.34. 

Dempster’s apparatus used the focusing action of the magnetic 


**A J. Dempster; Pfcys. 11. 316 (1918). 

F. W. Aston: Proc. Ca^nb. Phil. Soc., 19, 317 (1919); Pha. Moq. (6), 88, 707 

i, i. Dempster: ScUrux, 69, 559 (1920); Phyi. Rev., 18, 416 (1921). 
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field to bring together particles having the same velocity but differing 
in direction. Aston^s apparatus,*^ however, brought together at one 
spot aU positive ions having the same direction and the same charp to 
mass ratio, regardless of their velocities. The essential details of 
Aston's apparatus are indicated in Figure 2-3. A narrow bundle of 



24 25 26 

Mass number 


Fio. 2*2. Analysis of magnesium by Dempster’s method. 



Pio. 2-3. Principles o. Aston’s mass spectrograph. 

positive rays admitted through a hole in the cathode C was collimated 
by the slit system Si and 5j and passed between charged plates Pi 
and Pt, Pi being positively charged. The resulting angles of deflection 
were dependent upon the ion velocities, the slower ions being deflected 
ugh greater angles than the faster ones. After passage through a 
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third slit the divergent beam was passed through a magnetic field 
H, so app)lied as to produce deflections opposite to those obtained in 
the electric field. Ultimately, all particles of the same e:ni ratio were 
brought to a focus at a given point on the photographic plate P. This 
apparatus is called a mass spectrograph. 

From the positions of the exposed regions on the developed photo¬ 
graphic plate, corresponding c:m ratios were evaluated. Actually, 
Aston wiis concerned more with the individual masses of the particles 
themselves. For an element yielding ions of the same charge, exposed 
regions would indicate the masses of the isotopes if the same reference 
standard was useii. Aston referred the.se positions to that of oxygen, 


15 17 20 

I I I 


22 24 26 28 30 


16 18 


25 27 29 



36 38 

Fig. 2-4. Schertiiitir repre.sonialion of typical results obtained with Aston 3 mass 

spectrograph. Mas-s numbers indicated numerically. 


the mass of which he took as 10.0000, and obtained isotopic masses 
accordingly. Typical of his results are the schematic reproductions of 
some of his photographs as shown in Figure 2-4.*^ Relative isotopic 
abundances were evaluated from the intensities of the lines on the 
developed plates. 

Positive ray analysis has been extended an<i refined extensively, 
particularly by Aston, Dempster, Bainbridge, Jordan, Mattauch, 
and Nier, to mention several of the more prominent investigators. 
It is beyond the scope of this treatment to discuss in detail all the 
instruments employed and the results obtained. Reference to any 
of a number of excellent reviews*'-^* is recommended. Instruments 

u F. W. Aston; Mass Sp^'ctra ari<i Isotopes, 2nil ImI. Longmans, Green and Co., 


London n‘.)42l. 

>»J. D. Stranatban: The “Fartides” of Modern Physta, Ch. o. 


The Blaki.ston 


Co., Philadelphia (1942). 

»»E B Jordan and L. B. Young; J. Apphed Phys., 13, 526 (1942). 

»» N D. O.ggeshfiU and J. A. Hippie: J. Alexander’s Colloid Chemistry, Theo^ 
retieal and Applied, Vol. VI, pp. 30-107. Ucitihold Publishing Corp., New York 


(1946). 

J. Mattauch: Angew. Chem., A69, 37 (1947). 
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used may be described as either mass spectrometers or mass spectro¬ 
graphs. Mass spectrometers are devices which measure the nitensities 
of positive ion beams, usually electrically, and which are employed to 
establish the abundances of the isotopes. These may be classified 
as radian spectrometers, magnetic lens spectrometers, crossed-tield 
spectrometers, and sector spectrometers (lepending upon tlie mode of 
operation. Mass spectrographs, on the other hand, are devices which 
correlate the positions of positive ion beams, usually photographically, 
with ion masses and which are used to evaluate the masses of isotopes. 
Mass spectra are being used for ordinary analytical puri)oscs increasingly 

often. 

For the detection of comparatively rare isotopes, the optical method 
is sometimes more suitable than the po.sitive ray procedure. The 
optical method depends upon the fact that the positions of rotational 
and vibrational lines in the far and near infrared regions of emission 
spectra, respectively, are influenced by the masses of the species which 
produce them. Slight line displacements, therefore, characterize 
the isotopes of a given element, and the extents of these displacements 
may be used in evaluating isotopic masses. The existence of both the 
heavier oxygen isotopes (p. 32) and the heavy hydrogen isotope, 
deuterium (p. 387), was indicated by optical data. 

Data used in compiling the table of isotopic compositions of the 
elements given in Appendix I (pp. 913-916) are from a variety of 
sources.’* 


Generalisations relative to atomic nuclei 

Examination of the table in Appendix I indicates a number of items 
of importance. In the range of nuclear charges from 0 through 83, 
stable isotopes of all mass numbers except 5 and 8 are known. Some 
274 stable isotopes have been recognized, and of the elements listed 
only 23 are simple (i.e., non-isotopic or pure elements). Nuclei of 
the same mass number but differing charge, the so-called isobars, 
are not particularly uncommon; but, in a given set of isobars, only one 
member is normally abundant. The only exception is that of the 
A = 40 isotopes of argon and calcium, both of which are abundant. 
The existence of stable isobars of adjacent elements appears to be 
Umited to the pairs 'l*Cd- ‘“Sb- *“Te, and “«Ba- >«La- ‘JjCe. 


** G. T. Scaborg and I. Perlman: Revs. Modem Phys., 20, 585 (1948). 

A variety of methods of indicating mass number and nuclear charge have 
been employed. In this book the notation recommended by the International 
Union of C^bemistry is employed as bemg most nearly free from ambiguity. For 
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Such a condition is apparently one of instability or its incidence would 
be more common (p. 55). In addition to the unstable nuclei charac¬ 
terizing all nuclear charges above 83, similar species are known for all 
other charges. In total, nuclei with charges from 0 through 98 and 
mass numbers from 1 through at least 246 have been characterized. 

Other generalizations may be summarized in terms of the so-called 
rules of Harkins. These “rules” appeared originally as a series of 
periodic properties listed by Harkins** in a treatment of the proton- 
electron nucleus, but in a slightly different form they are equally 
applicable to the proton-neutron nucleus. Modified, these rules are: 

1. No common nucleus except hydrogen contains fewer neutrons than 
protons. No stable nucleus except those of JH and jHe has a mass less 
than twee its charge. Among the more common and more stable 
species, the mass number is commonly twice the charge, indicating a 
tendency toward equality in the numbers of neutrons and protons. 
Neutron to proton ratios never exceed 1.6, and those nuclei with 
neutron to proton ratios exceeding 1.2 are very uncommon in nature. 
The general variation of this ratio with nuclear charge for the more 
abundant natural isotopes is shown in Figure 2*5. 

2. Elements with even nuclear charges are more abundant, more stable, 
and richer in isotopes than those with odd charges. Data in Appendix I 
indicate that elements with odd nuclear charges never have more 
than two stable isotopes and that elements with even nuclear charges 
are uniformly richer in isotopes than their odd-numbered neighbors. 
All stable elements having odd charges consist primarily of one nuclide. 
Among the lighter elements, those with even charges are often more 
abundant than their odd-charged neighbors. All those elements the 
existence of which in nature has been questioned have odd charges, 
e.g., 43, 61. The half-lives of radioactive isotopes indicate the even- 


any symbol X, this notation becomes 

a e 
X 

b d 

where o is mass number (A), 6 is nuclear charge (Z), c is ionic charge if any. and 
d is the number of atoms of X present. American practice commonly records 

a and b as 

a 

X 

b 

» W, D. Harkins: Chem. Revs., S, 371 (1028). 


mV ‘u 



Nuclear charge, Z 

Fio. 2-5. Neutron to proton ratios for most abunriant isotopes 
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numbered materials to be the more generally stable (App. II). This 
generalization is admirably illustrated among the lanthanide (rare 
earth) elements, the abundances and natural isotopic compositions of 
which are given in Table 2-1. Alternation between odd-and even- 
charged nuclei is very apparent. 

T.\BLE 2 1 


Abi nda.nces and Isotoimc Compositions of the Lanthanide Elements 

.Viimher of Naturally 


SyrnlK)! 

Nuclear Ch.arge, Z 

Relative ,\bundance,* % 

Occurring Isotopes 

La 

57 

7 

2 

Ce 

58 

31 

4 

Pr 

59 

5 

1 

Nd 

GO 

18 

7t 


G1 

ca. 0 

« 4 

Sin 

02 

t 

7t 

Eu 

63 

0 2 

2 

Gd 

04 

7 

4 

Tb 

05 

1 

1 

Dy 

00 

7 

7 

Ho 

67 

I 

1 

Er 

68 

6 

6 

Tm 

69 

1 

1 

Yb 

70 

7 

7 

Lu 

71 

1.5 

2t 


• Id rare eurth miiioruls. 

t One radioactive i>otope. 

3. Nuclei iiilh even nmnbers of neutrons are more abundoTit and more 
stable than those with odd nutnbers. Inasmuch as the majority of nuclei 
with odd charges have odd mass numbers whereas those with even 
charges have even mass numbers, it is apparent that the number of 
neutrons in a nucleus tends to be even. The most abundant nuclei in 
general contain even numbers of neutrons, the only exceptions being 
®Be and ‘^N. Only tin has more than two stable isotopes with odd 

mass numbers. 

4. Nuclei ivith even mass numbers are more abujidant than those with 
odd mass numbers. For a given element, isotopes of even mass num¬ 
bers are commonly more abundant than those of odd mass numbers. 
All the stable pure elements listed (Appendix I) have odd mass num¬ 
bers as \vell as odd nuclear charges. That the mass numbers of many 
of the most abundant and stable isotopes arc multiples of four sug- 
ge.^ted originally that the alpha particle was a nuclear componejit. 
It is more probably the re.sult of neutron-proton pairing. Some 87% 
of the nuclei in the crust of the earth have even mass numbers. 

Nuclei are commonly classified in terms of whether they contain 
even or odd numbers of protons (Z) and neutrons (N). Four such 
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combinations are possible. As shown in Table 2*2, the most common 
arrangement is even-even and the least common odd-odd. It appears 


Type 

Z even, N even 
Z even, N odd 
Z odd, A'’ even 
Z odd, .V odd 


TABLE 2-2 

Types of Atomic Nuclei 



Number of Stable 

Designation 

Examples 

even-even 

163 

even-odd 

56 

odd-even 

50 

oihl-odd 

5 


to make but little difference whether the arrangement is even-odd or 
odd-even. For further information on such systematics, summaries on 
nuclear physics should be consulted.^- *■ 

References to the relative abundances of the elements in the fore¬ 
going discussions suggest dhe advisability of a more comprehensive 
treatment of the general topic of abundances at this point. The 
eminent geochemist V. M. Goldschmidt considered the earth to have 
resulted from the condensation of a gaseous material into an iron 
core, an intermediate sulfide-oxide zone, a siliceous envelope, and a)i 
atmosphere.During condensation, the elements were believed to 
concentrate in these zones. Based upon the zone in which they concen¬ 
trated, the elements were then classified as siderophilic (core), chalco- 
philic (intermediate), lithophilic (crust), and atmophilic (atmosphere). 
Siderophilic elements embrace the Periodic Group Vila and VIII 
elements and gold. Chalcophilic elements include those in Periodic 
Groups Ib (except gold), Ilb, Illb, IVb (except carbon and silicon), 
Vb (except nitrogen), and VIb (except oxygen). Lithophilic elements 
include hydrogen and those in Periodic Groups la, Ila, Ilia, IVa, 
Va, and Via. Carbon, silicon, nitrogen, oxygen, the halogens, and 
the inert gases are included in the lithophilic-atmophilic class. 

It is of course exceedingly difficult to arrive at the absolute abun¬ 
dances of all the elements in the earth as a whole. However, exacting 
analyses of large numbers of minerals and rocks so chosen as to be 
representative do give reasonably accurate indications of the abiin- 
tonces of the elements in the igneous rocks of the crust of the eartli. 
The excellent studies of Clarke, Washington, Goldschmidt, and many 
others on this problem have been summarized ably by Rankama and 

Sahama.« It is from this source that the data given in Table 2-3 have 
been summarized. 

Nuclear Physics Tables and an Introduction to 
i» n laterscience Publishers, New York (1946) 

L ’ Excellent and timely review. 

Press, Ch. 2. University of Chicago 
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TABLE 2-3 

Abundances of the Elements in the Igneous Rocks 

OF THE Crust of the Earth 


Atomic 

Number 

1 

Symbol 

Abundance 

Grams/Metric Ton 

Atoms/100 Atoms Si 

Per Cent 

1 

H 

present 



2 

He 

0.003 

0 0000076 

3 X 10-’ 

3 

Li 

66 

0.091 

6.5 X 10-» 

4 

Be 

6 

0.0067 

6 X 10-‘ 

6 

B 

3“ 

0.0028 

3 X 10-< 

6 

C 

320- 

0.27 

0.032 

7 

N 

46 3 

0.033 

4.6 X 10-* 

8 

0 

466.000 

296 

46.6 

9 

F 

600-900 

0.32-0.48 

0.06-0.09 

10 

Ne 

0.00007 

0.000000035 

7 X 10-* 

H 

Na 

28,300 

12.4 

2.83 

12 

Mg 

20,900 

8.76 

2.09 

13 

A] 

81,300 

30.6 

8 13 

14 

Si 

277,200 

100 

27.72 

15 

P 

1,180 

0.38 

0.118 

16 

S 

520 

0.16 

0,052 

17 

Cl 

314 

0.09 

0.0314 

18 

A 

0.04 

0 00001 

4 X 10-* 

19 

K 

25,900 

4.42 

2.59 

20 

Ca 

36,300 

9.17 

3.63 

21 

Sc 

1 6 

0.0011 

6 X 10-« 

22 

Ti 

4,400 

0.92 

0.44 

23 

V 

150 

0.030 

0.015 

24 

Cr 

200 

0 039 

0.02 

25 

Md 

1,000 

0.18 

0.1 

26 

Fe 

50,000 

9.13 

1 6.0 

27 

Co 

23 

0.004 

2.8 X 10-» 

28 

Ni 

80 

0.014 

8.0 X 10"* 

29 

Cu 

70 

0.011 

7.0 X 10"* 

30 

Zn 

132 

0.020 

0.0132 

31 

Ga 

15 

0.0022 

1.5 X 10"* 

32 

Ge 

7 

0.00095 

7 X 10-* 

33 

As 

5 

0.00067 

5 X 10-* 

34 

Se 

0.09 

0.000012 

9 X 10-* 

35 

Br 

1.62 

0.00020 

1.6 X 10-* 

38 

Kr 




37 

Rb 

310 

0.036 

0.031 

38 

Sr 

300 

0.035 

0.030 

?» 

Y 

28.1 

0 00307 

2.81 X 10-* 


Zr 

220 

0.026 

0.022 

41 

Nb 

24 

0.0026 

2.4 X 10-* 
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Atomic 

Number 


42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 


Symbol 


Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Co 

Ba 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 

TI 

Pb 

Bi 

Po 


TABLE 2-3 

(Continued) 



Abundance 


Grams/Metric Ton 

Atoras/lOO Atoms Si 

Per Cent 

2.5-15 

0.0003-0.0016 

2.5-15 X 10-* 




V 



0.001 

0.0000001 

1 X 10-’ 

0.010 

0.0000009 

1 X 10-* 

O.IO 

1 0.000009 

1 X l0-‘ 

0.15 

0.000013 

1.5 X 10-‘ 

0.1 

0.000007 

1 X 10-* 

40 

0.00343 

4 X 10-* 

1 

0.000083 

1 X 10-« 

0.0018(7) 


1.8 X 10-’ 

0.3 

0.000024 

3 X 10-» 

1 

7 

0.00053 

7 X 10-‘ 

250 

0.018 

0.025 

18.3 

0.00128 

1,83 X 10-* 

46.1 

0.00321 

4.61 X 10-* 

5.53 i 

0.000389 

5.53 X 10-« 

23.9 

1 

0.00162 

2.39 X 10-» 

6.47 

0.000419 

6.47 X 10-* 

1.06 

0.000068 

1.06 X 10-* 

6.36 

0.000394 

6.36 X \0~* 

0.91 

0.000056 

9.1 X 10-» 

4.47 

0.000269 

4.47 X 10-< 

1.15 

0.000068 

1.15 X 10-« 

2.47 

0.000144 

2.47 X 10-* 

0.20 

0.0000116 

2.0 X 10-» 

2.66 

0.000149 

2.66 X 10“* 

0.75 

0.000037 

7.5 X 10-» 

4.5 

0.00030 

4.5 X 10-« 

2.1 

0.00012 

2.1 X l0-« 

1.6-69 

0.000082-0.0038 

1.5-69 X 10-* 

0.001 

0.000000054 

1 X io-» 




0.001 

0 00000005 

1 X 10“» 

0.005 

0.00000027 

6 X 10-» 

0.005 

0.00000026 

5 X 10“» 

0.077-0.6 

0.0000039-0.000025 

7.7-50 X 10-* 

0.3-3 

0.000015 -0.00015 

3-30 X 10“* 

16 

O.OOOSO 

1.6 X 10-» 

0.2 

0.000009 

2 X 10-» 

0.0000000003 

14 X 10-»» 

3 X 10-‘* 
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TABLE 2*3 {Continued) 


.\toniic 

.Number 

1 

Symbol 

1 

Abundance 

Grams Metric Ton 

.Atoms 100 .Atoms Si 

Per Cent 

S5 

1 

present 



S6 

; Rn 

present 

♦ « • * 9 * 



87 

Fr 

present 

. ♦ ♦ 

i . 


88 

Ra 

0 0»X)00I3 

58 X 10-‘* 

13 

X 10-'» 

89 

Ac 

0 0000000003 

13 X 10 »» 

3 

X 10-'« 

90 

Th 

11 5 

0.00050 

1.15 

X 10-* 

91 

Pa 

0 0000008 

35 X 10 

8 

X 10-'* 

92 

L' 

4 

0 00016 

4 

X 10“* 

93 

Xp 

probably present 

1 

.... . ' 

1 


94 

Pu 

present 

1 



95 

Am 

probably present j 


4 • * « 


96 

Cm 

probably present I 




97 

Bk 

? 1 

1 



98 

Cf 

? 

. . 



The masses of atoms and atomic nuclei 

The mass of an electron relative to that of either a proton or a 
neutron is so small that even in atoms containing the largest numbers 
of electrons the total mass contribution by the electrons is effectively 
negligible in comparison with the combined contributions by the 
nucleons. However, even though the nucleus is the governing factor 
relative to the mass of an atom, all methods of measuring the masses of 
atoms yield values which include the electron masses as well. The 
terra isotopic weight may be used to characterize such a mass when it is 
compared with that of some arbitrarily chosen standard, normally 
oxygen. The weighted average of the isotopic weights for a particular 
element is the atomic weight of that element. Although in a general 
way this makes the existence of fractional atomic weights fairly 
obvious, certain refinements in explanation are essential to a complete 
understanding of the subject. 

.\ston’s early mass spectrographic data on hydrogen yielded an 
atomic weight of 1.007775. based upon the assumption that ordinary 
oxygen is not an isotopic mixture and has a weight of 16.0000. This 
value was in good’agreement with the chemical observation that 
1.00778 grams of hydrogen combine with 8 grams of oxygen. Subse¬ 
quent proof (p. 33) that oxygen is a mixture of isotopes of mass 
numbers 16, 17, and 18 necessitated a revision in Aston’s mass deter¬ 
minations and the establishment of a new basisforma.es spectrographic 
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values. As a result, two atomic weight scales, the physical and the 
chemical, are in use. The rather fortuitous agreement between the 
values for hydrogen is due to the existence in just the correct propor¬ 
tions of a hydrogen isotope of mass number 2 (p. 387), a fact which was 
unknown to Aston. 

Physical atomic weights are referred to the mass of the Ki-isotope of 
oxygen taken as 16.00000. Chemical atomic weights are referred to 
the average mass of the natural mixture oxygen isotope.s taken as 
16.00000. The two scales can be related to each other by considering 
the relative abundances of the oxygen isotopes. Inasmuch as the 
composition of natural oxygen is '®0(99.757%), 'T)C0.039%), and 
‘*0(0.204%), it is apparent that the true mass of the isotopic mixture is 


(16 X 0.99757) + (17 X 0.00039) + (18 X 0.00204) = 16.00447 

Since this is the value which is taken chemically as 16.00000, physical 
atomic weights will always be larger than the chemical values by the 
ratio 16.00447:16.00000, or 1.00028 (the Meckc-Childs factor). 

Chemical atomic weights are employed universally for the evaluation 
of chemical processes. The physical values, however, are employed 
to describe any process or property which relates to atomic nuclei. 
Thus, they are the values which are involved in evaluating the energy 
changes associated with nuclear processes (p. 59). Isotopic masses or 
weights are expressed on the physical scale. 

It see^ appropriate to discuss briefly the experimental evaluation 
of atomic and isotopic weights. Physical values for the individual 
isotopes can be determined by means of mass spectrographic measure- 
mente (p. 24). If a physical atomic weight of the element in question 
IS desired, it can then be calculated from the masses and abundances of 
e various isotopes. The probable errors in refined measurements of 
this sort amount to only a few parts in 100.000. Isotopic masses can 
e evaluated independently from packing fraction (p. 38) and nifclear 

X. ^ u* • . obtained agree almost exactly with 

those obtained by mass spectrographic means. 

Although chemical atomic weights are based upon oxygen it is not 

procedures which are 

Sned7Ir“"7 Chemically deter- 

firat and u*l“thTm to TTr" 7“"'“ ‘*’® 

use them to calculate chemical values. 
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Classically, an important method of determining chemical atomic 
weights involved the law of Dulong and Petit, a rough generalization 
indicating that the product of the atomic specific heat of a solid ele¬ 
ment by its atomic weight is constant at 0.2 to 0.4. Evaluation of 
atomic heat capacity thus leads to a rough value for the atomic weight. 
This was rendered more nearly exact by comparing the rough value 
obtained with the equivalent weight of the same element to determine 
its oxidation state (p. 170) and then calculating the atomic weight 
from the product of equivalent weight by oxidation number (p. 179). 
I'he limitations of .such a proceilure are obvious. 

More accurate results are olitained by the actual analysis of com¬ 
pounds of known compositions, .\mong the most useful of procedures 
of this type are tho.se involving determination of the ratios metal 
halideisilver and metal halideisilver halide. This general method was 
u.sed by Stas in his pioneer work on atomic weights, but it is to Richards 
and his students that we are indebted for the refinements which made 
the method one of precision. Accounts of these researches may be 
consulted with profit by anyone intere.sted in improved experimental 
techniques.*' In more recent times, extensive accurate chemical work 
has been done largely by Baxter and Hbnigschmid. 

Use of the ratios mentioned above necessitates accurate knowledge 
oi the chemical atomic weight of silver and of the ratios Ag:CI and 
.^g;Br. The ratios have been determined repeatedly with great 
accuracy. Exact evaluation of the atomic weight of silver requires 
establi.shment, directly or indirectly, of the Ag:0 ratio. This ratio 
may be determined directly by measuring such ratios as KClOjiKCl: 
Ag:30 or Ba(C10A2:BaCl::2Ag;80, the general procedure involving 
conversion of a weighed quantity of the oxy compound to chloride, 
followed by precipitation with silver nitrate and determination of the 
silver chloride by a nephelometric method. Use of quartz apparatus, 
bottling and weighing m vacuo, dehydration in dry hydrogen chloride, 
and use of closed systems for all operations are essential to accurate 


results. 

Indirectly, the silver to oxygen ratio has been established by syn- 
tbe.sis of silver nitrate from a weighed quantity of pure silver. The 
ratio Ag:.\gXO, is then dependent upon the chemical atomic weight of 
nitrogen, which is obtained by independent means. Other indirect 
determinations have employed such ratios as NaXOarNaCI'..Vg, 

Ag:AgCl;Ag^S04:2AgCl:2Ag.N:S:NH,Cl:Ag.AgX03:Ag,AgCl:Ag. 

Agreement between direct and indirect methods is indicated by the 

5’T W. Richard.s and G. S. Forbes; Carri/-gie Inst. IFasA. PubL. 69, 47 (1907); 
Z. artorg. Chem., 66, 34 (1907). 
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fact that both the barium perchlorate procctlure-** and the silver-silver 
nitrate method-^ yielded a value of 107.880 for the chemical atomic 
weight of silver. 

The atomic weight of a metal is then determined by analyzing a 
weighed quantity of its anhydrous chloride or bromide for halide by 
the silver nitrate procedure and calculating back. Because of uncer¬ 
tainties in the nephelometric method ordinarily employed, dry reac¬ 
tions such as the reduction of silver nitrate to silver with liydrogeir® 
seem particularly promising. 

For the lighter non-metals such as carbon and fluorine, determina¬ 
tion of atomic weights by gas density measurements is of particular 
value. The method depends upon the fact that at constant pressure 
the buoyancy effects of the several gases are directly proportional to 
their densities (and thus to their molecular weights). For a number 
of gases, therefore, the same buoyancy effect may be achieved by 
suitable alterations of gas pressures. Accordingly, a suitalde gas- 
density microbalance is balanced about a suitable reference point, 
using some reference gas (for instance, oxygen) at a measured pressure. 
A gas containing the element in question is then admitted, and the 
pressure required to obtain the same balance is measured. From 


compressibility data for the two gases, the molecular weight of the 
second can then be evaluated and the desired atomic weight calculated. 
Thus a determination of the chemical atomic weight of carbon, using 
carbon monoxide, carbon dioxide, and ethylene, yielded a value of 
12.0108,2“ which is in accord with band spectroscopic evidence that 
carbon normally contains about 1% of the 13 isotope. 

The atomic weights of the elements show a remarkable constancy in 
magnitudes, indicating general lack of variability in the isotopic com¬ 
positions of the various elements. This is not unexpected in view of 
e fact that natural mixing processes spread over the geological ages 
would tend on the average to destroy any original differences. This 
onstancy is not limited to our own planet but appears to be more or 
^ universal. Thus chlorine, nickel, and iron from meteorites show 
nahiT^ weights as those from earthly sources. How'ever. 

alterlt nn processes (pp. 38-52) do effect slight 

atoi^c wli'h/' tk' produce minor variations in 

minai- 1 r c\assic recorded example is with boron “i 

oerals from Tuscany, Asia Minor, and California containing boron 


»0 Z, anorg. allgnn, Chem 178 I ri929) 

nfvTl Whytlaw-Gray: /. CW. Soc., 1933 846 

■ riKoeetal.:/. CW Soc.. 127, 696 (1925); 1926, 70:1927,282. 
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with atomic weights 10.823, 10.818, and 10.841, respectively. Other 
instances reported among the lighter elements show the heavier iso¬ 
topes of oxygen to be slightly more abundant in atmospheric oxygen 
than in oxygen obtained from water, the lighter potassium isotope 
(^*K) to be preferentially concentrated by land plants, the lighter 
carbon isotope (‘*C) to be preferentially concentrated by plants, and 
the heavier (‘^C) by limestone, etc. Variations in atomic weights 
among the heavy elements are due to their radioactive origins (p. 63), 


Mass defects in atomic nuclei 

Although the difficulties imposed by fractional atomic weights 
(p. 19) were largely resolved by the discovery of isotopes, isotopic 
masses were found to deviate slightly but significantly from whole 
numbers. The attractive hypothesis that such masses are multiples 
of the mass of some fundamental particle (the whole number rule) can 
no longer be entertained, although the closeness with which isotopic 
masses do approach whole numbers makes such mass numbers par¬ 
ticularly useful in characterizing isotopes. Neither are isotopic masses 
given by a summation of the masses of their constituent particles. 

Such isotopic masses as are known are tabulated in Appendix I. 
Among the lightest (A < 20) aitd heaviest elements {A > 180) these 
isotopic masses are greater than the corresponding mass numbers, 
whereas among the intermediate elements the reverse is true. The 
difference between the isotopic mass (A/) and the mass number (A) 
is known as the mass deject or the moss excess (A), as shown by the 


relation 



( 2 * 8 ) 


Positive mass defects thus characterize the lightest and heaviest 
elements, whereas those for the other elements are negative. Harkins 
and Aston attributed mass defects to the packing of nuclear particles 
into tiny elements of volume—the “packing effect. In pre erence o 
the actual mass defect for a given isotope, Aston emp oyed the frac¬ 
tional mass deviation or packing fraction (/), which is defined as 

_ M - A ^ A (2-9) 

J - A A 

The packing fraction may be regarded, therefore, as indicating the 
average mass gain or loss per nucleon for the isotope in question as 
compared with the condition existing in the nucleus. Because of 
the interrelation of mass and energy, nuclei with positive P^c^ng 
fractions may be regarded as possessing excess energy and tending 
toward instability, whereas nuclei with negative packing fraction 
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may be regarded as tending toward stability. Packing fractions are 
numerically of the order of magnitude of 10“* and are customarily 
expressed by multiplying by 10'. This has been done in Appendix I. 

Packing fractions for the more abundant isotopes are recorded 
graphically in Figure 2-6. This plot is essentially similar to that given 
by Aston.” This curve has been given two branches in the region of 
low mass numbers. In Aston’s original treatment, the lower branch 
was reserved for isotopes of even nuclear charges and the upper branch 
for those of odd nuclear charges, the inference being that the latter 
are less stable. It is apparent from Appendix I that nuclei with even 
charges have lower packing fractions than those neighboring nuclei 
with odd charges, regardless of the mass region, although the effect is 
.somewhat enhanced with the lightest elements. This is in accord with 
the abundance rules already cited (pp. 2G-29). Later studies*’ 
showed that nuclei with mass numbers which are multiples of four 
have packing fractions significantly smaller than those for other 
neighboring mass numbers, an effect which is especially pronounced 
in the region of low mass numbers. It seems fitting to characterize 
such nuclei with the lower branch of the curve. This has been done 
in Figure 2-6. The well-known resistance of such nuclei (*He, ”C. 
'«0, ^^Ne) to alteration by bombardment is in complete accord with 
inferences drawn from the packing fraction curve. It should be 
mentioned that the flat minimum in the region of mass number 50-60 
suggests this to be a region of maximum nuclear stability. The 
extreme abundance of iron and nickel in the earth taken as a whole 
has been cited in support of this view. It is obvious that a plot of the 
difference between calculated and aetual mass against mass number 
would represent more accurately the characteristics of each nuc ear 
species. As will be shown later, such a curve also reflects nuclear 

binding energies (p. CO). . , 

Packing fraction data may be used to evaluate atomic weig s. 

Thus if the isotopic masses are evaluated roughly, exact opic 
masses can be obtained by applying a correction determined by the 
packing fractions as read from the packing fraction curve. Com¬ 
bined with the abundances of the isotopes, these masses then yield 
the physical atomic weight of the clement in question. 

The concentration and separation of isotopes 

Early attempts to separate isotopes met little success and 

effected no more than small concentrations of individual materials. 

** F. \V. Aston: Proc. Roy. Soc, {London), A116, 487 (1927). 

** H. E. Duckworth: Phya. Rev., 62, 19 (1942). 
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The improved metliods of later years, particularly since 1939, however, 
have permitted the separation in hiRh slates of purity of many isotopes 
and the concentration of many others. The literature on the su )jcct. 
has expanded so considerably, that it is manifestly impos.sible in a 
book of this type to cover it completely. Some of the many excellent 
summaries which have appeared^^-« should be consulted for compre¬ 
hensive accounts. , , . , i* 

The marked similarities in both chemical and physical propertic.s 
among the isotopes of a given element render separations, or even 
concentrations, exceedingly difficult. The obvious procedures are 
physical in character, for mass differences impart greater differences in 
physical properties than in chemical. Chemical procedures are 
dependent upon differences in the rates of particular reactions rather 
than upon inherently different chemical behaviors. In spite of the 
experimental difficulties, however, the demands for isotopes as tracers 
and the desirable properties which some of them possess have led to 
practical separational procedures. 

Of fundamental importance in any separation process is the so-called 
separation, or fractionation, factor s. If, before the mixture is sul>- 
jected to the separation procedure, it contains ni atoms of the lighter 
isotope and na atoms of the heavier (for instance, per gram of mixture) 
and if, after application of the procedure, the numbers of atoms of 
lighter and heavier species are, respectively, n/ and na', the separation 
factor is then given by the expression 


ni/nz 


( 2 - 10 ) 


The separation factor may characterize a single stage in a multiple 
procedure, or it may be applied to the entire process as an overall 


** F. W. Aston: Mass Spectra and Isofopes, 2nd Ed., Ch. XVI. I>ouginnn’s. 
Green and Co., London (1942). 

“ J. D. Stranathan; The "Particles" of }fodcrn Physics, Ch. o. The Blakist<ui 
Co., Philadelphia (1942). 

*• H. S. Taylor and S. Glasstone: A Treatise on Physical Chemistry, 3rd Ed., 
Vol. I, pp’, 54-76. D. Van Nostrand Co., New York "(1912). 

*’H. C. Urey: in Recent Advances in Surface Chemistry ami Chemical Physics, 
pp. 73-87. The Science Press, Lancaster, Pa. (1939). 

”0. J. Walker: Ann. Reports, 35, 134 (1938). 

** H. D. Smyth: Atomic Energy for MiliUiry Purposes. Princeton University 
Press, Princeton, N. J. (1945). 

A. J. E. Welch: Ann. Reports, 41, 87 (1944). 

“ A. M. Squires: J. Chem. Education, 23, 538 (1940). 

“ D. W. Stewart: Nucleonics, 1 (No. 2), 18 (1947). 

« W. Groth: Z. Elekirochem., 64, 5 (1950). 
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factor. If I single stages are involved, an overall enrichment factor S 
is given as 

5 = 5 * ( 2 - 11 ) 


The efficiency of the process is determined by the magnitude of its 
enrichment factor. Because in many procedures separation factors 
are only slightly greater than unity, it is common to run them in 
cascatle*^ to amplify the enrichment achieved in a single stage. Such 
procedures are more properly called fractionation procedures rather 
than separation procedures, for they effect stepwise enrichments in 
particular componerits. d he only procedure of those to be described 
which is not a fractionation procedure is the one employing electro¬ 
magnetic methods. 

}(cthods Involving Phg.<>ical Characlerislics. Such pro< cdures must, 
of necessity, be dependetjt upon mass differences among the several iso¬ 
topes involved. Some of the more important ones are now described. 

KLECTROMAGN’Kiic METHOD.^. The Collecting of an ion beam con¬ 


taining only particles of a given mass using an appropriately designed 
mass spectrograph or spectrometer should provide a theoretically ideal 
procedure for the clean-cut separation of the isotopes of a gi\en 
clement. 'I'he principle of this procedure, which is es.sentially that of 
the Dempster mass spectrograph (p. 22), is .shown in higure 2-7. 
Such a method should be limited only by the precision with which the 
ion beam cun be focused and should yield absolutely pure isotopic 
materials. Practically, the small ion beams {10“'* amp. or less) which 
characterize most mass spectrographs and spectrometers limit sharply 
the quantities of materials wliich can be collected. However, by use 
of high-intensity instruments, microgram quantities of several iso¬ 
topes, particularly those of lithium, potassium, and rubidium, were 
obtained. In fact proof that the radioactivities of the latter two 
elements are due. respectively, to and “^Hb was obtained by use of 

these separated isotope.s. , , , 

Considerable inierot has been focused upon the electromagnetic 

separation of the iira.in.in isotopes. Nier wa.s able to separate su b- 
cient in this fashion to prove it to be the hs.sionab!e isotope (p. 
73). but bis apparatus could separate only somewhat less than a 
microgram a day. Ciider auspices of the Manhattan Dustrict 1 rojeo , 
electromagnetic separators employing very large magnetic fidds were 
developed and foun.l useful for the separation of „U. The hrst 
such apparatus used the magnet from the 37-in. University of Cali¬ 
fornia cyclotron; it was called, therefore, the calutron. In later 


K. Cohent SuclponiPSf 2 6), 3 (1948). 
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installations, much larger magnets were employed, and other magnetic 
separators using extended ion sources and beams rather than one¬ 
dimensional systems produced by the slit arrangement of the cuhitron 
were studied. The general details of this subject are covered by 


Vacuum 



Fio, 2*7. Principles of electromagnetic separation of isotopes. 


Smyth.” Since December 1945, the electromagnetic separators at 
Oak Ridge have been used also for concentrating a wide variety of 
stable isotopes.^*' Many such isotopes are now available for research 
purposes. 

GASEOUS DIFFUSION METHODS. In terms of Graham’s law, the rate 
at which a gas diffuses through an aperture which is small in compari¬ 
son with the mean free path of its molecules is invei-sely proportional 
to the square root of its density or molecular w'eight. The diffusion of 
a gas mixture the components of which differ in molecular weight 
must, therefore, alter the composition of that mixture. Obviously, 
if the molecules owe their mass differences to differences in isotopic 
contents, an alteration in isotopic ratio must also result. If ?ni, and mj 
represent the masses of the heavier and lighter isotopes (or compounds 

" C. P. Keim; Chem, Eng. New$, 35, 2624 (1947), 

**L. P. Smith, W. E. Parkins, and A, T, Forrester: Phys. Rev., 72, 989 (1947). 
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containing them), respectively, one might expect a separation propor¬ 
tional to Rayleigh's treatment of the problem, however, 

sliows that, even under eondition.s where mixing is perfect and tliere 
is no accumulation of the less diffusible gas at the surface of the 
difTuser, the enrichment of the undiffused residue in the heavier com- 
ponent is given with reasonable accuracy by 


enrichment = 




mk — 


"'/ initial V 
\ final v( 


olume 


olumc 


( 2 - 12 ) 


»‘^ince the mass dilTerence, — rrij. will always be comparatively 
small (except for the hydrogen isotopes), it is obvious that a single- 
stage difTuser cannot concentrate isotopes. It is also apparent that 
the greatest success would be expecte«l with the lighter elements. 

Kven before the i.sotopic complexity of neon had been established 
definitely, .\slon separated ordinary neon of mass 20.2 into fractions 
of masses ^0.28 and 20.15 by fractional diffusion. The classical 
researches, however, on gas diffusion are tho.se on hydrogen chloride 
carried out by Ilarkins.^^-Over a period of years (1015 on), Har¬ 
kins and his coworkers difTused hydrogen chloride through porous 


porcelain at atmospheric pressure, absorbed the undiffused gas in 
.sodium hydrogen carbonate, regenerated hydrogen chloriilc (now 
slightly enriidied in 17 CI), and recycled the material. After reduction 
of some 19.000 liters of initial gas to a few milliliters, a material con¬ 
taining chlorine of mass 35.512 was obtained. That this represents 
only a very slight enrichment over the initial material of mass 35.457 
is unimportant in comparison with the proof obtained that the pro¬ 
cedure would function. 


Many of the difficulties inherent in the Harkins procedure have 
been overcome in the low-pressure, multiple-diffusion method of 
Hertz.In this procedure a series of connected diffusion units, each 
consi-sting of some material through which the gas must pass by 
diffusion, is employed. The general details of such an arrangement 
are shown in Figure 2-8. Gas from container V is passed through the 
difTiiser Di, where a portion diffuses through a clay pipe. The diffused 
gas. slightly ciiriclied in the lighter isotope, is returned to V 1 . by a 
pump Pi, whereas the undilTused gas. slightly enriched in the heavier 
i.sotope, is passed on to a second diffuser D^. The diffused gas from D 2 
is then returned to Z), by way of Pi and Vl. This procedure is 


W. D. Harkins and A. llaycs; J. Am. Chtm. Soc., 43, 1803 (l'.>2l). 

«* W D. Harkins and F. A. Jenkins: J. Am. Chem. Soc., 48, 58 (1926). 
« G. Hertz: Z. Fhysxk, 79, 108, 700 (1932). 
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repeated in the various units of the apparatus in such fashion that 
from the nth unit the lighter isotope is always returned to the n - 1 
unit, whereas the heavier is passed on to the n + 1. It is apparent 
that once a steady state is established tlie heavier isotope will con¬ 
centrate in Vii and the lighter in V,. Jets of mercury vapor used 
instead of porous tubes as diffusion barriers increase the efficiency of 

the process. 



Fio. 2-8. Principles of the Hertz inultiplo diffusion apparatus. 


Some truly remarkable concentrations and separations have been 
achieved by the Hertz procedure. Thus, JH has been obtained 
spectroscopically pure from the natural mixture, the neon isotopes 
have been obtained in high states of purity, and sizable concentrations 
of the heavy isotopes of carbon and nitrogen have been realized. 
However, the low pressures essential to efficient separation seriously 
limit the quantities of materials which can be prepared. A practical 
limitation on this otherwise effective process is thereby imposed. 

Fractional diffusion through a porous barrier from a region of higher 
pressure to a region of lower pressure is used for the large-scale con¬ 
centration of the 235-isotope of uranium at the Oak Ridge K-25 instal¬ 
lation. In this plant, several thousand diffusion stages are operated 
in cascade. Uranium(VI) fluoride gas, prepared from natural uran¬ 
ium, is fed by a blower into an intermediate diffuser unit containing 
several square feet of porous barrier. Part of the gas is diffused 
into a lower pressure region maintained by another blower. The 
diffused gas, enriched in is passed on to another diffuser, and 
the undiffused gas is cycled to another stage in the opposite direction, 
^though the ideal separation factor for and is 1.0043, 

it is said that each ^“UFo molecule is diffused some 2,000,000 times 
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before emerging in the product.The design and construction of 
such a plant were complicated by the corrosive character of the 
gaseous fluoride and by the necessity for operating at reduced pres¬ 
sures. The barriers employed must of necessity be corrosion resistant, 
mechanically strotjg. and uniform in pore size, the pores being only a 
few millionths of a millimeter in diameter. Engineering problems 
surmounted in the construction and operation of this plant were 
tremendous.’"- There is, of course, no reason why similar methods 


L.ght y' 



y Heavy 


Fig. 2-9. Prinriple of isotope 
sepuration by thermal diffusioQ. 


could not be applied to the separation 
of isotopes of other elements. 

THE THERM.\L DIFFUSION METHOD. 

Prior to 1920, both Enskog and Chap¬ 
man showed independently from purely 
theoretical considerations that, if a mix¬ 
ture of gases of different molecular 
weights is subjected to a temperature 
gradient, the heavier molecules in gen¬ 
eral will move toward the colder region 
and the lighter toward the warmer 
region. Such a process, which is wholly 
independent of the kinetic properties of 
the gases, will continue until balanced 
by the ordinary kinetic diffusion of the 
gas molecules. Chapman and Dootson 
confirmed these predictions by studies 
of mixtures of carbon dioxide and hy¬ 
drogen, but the first application to 
isotope separations was made many 
years later.“ The methoil suggested 
by Clusius and Dickel amounts to en¬ 
hancing the thermal diffusion effect by 
the use of convection currents; it is 


illustrated simply by the diagram in Figure 2-9. If a gaseous mix¬ 
ture is placed between two plates arranged vertically, a concentra¬ 
tion gradient along the axis XX' is produced by thermal diffu¬ 
sion, molecules containing the heavier isotope moving toward the 


‘''J F Hogerton: A/W. £‘n9-. (No. 12), 98 (1945). 

Benedict and C. Williams: Engineering Developments tn l^ Gase^s 
Diffusion Process. Div. II. Vol. 6. National Nuclear Energy Senes. McGraw-HiU 


Book Co., New York (1949). 

« K. Clusius and G. Dickel: Naturunstenschaften, 


26, 546 (1938); 


37, 148, 487 


(1939). 
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cooler surface. At the same time, convection currents establish a 
concentration gradient along the axis and the net effect is trans- 
portatioQ of the lighter material toward the top and the heavier toward 
the bottom. If the vertical axis is made long in comparison with the 
horizontal, even slight concentration changes produced by thermal 
effects can be magnified tremendously by convection. In practice, 
this has been accomplished by using long vertical tubes (e.g., 10 mm^ 
diameter glass) coaled externally and containing electrically heated 
wires (e.g., nichrome) as hot elements or by employing concentric 
tubes \vith inner heating and external cooling. Comprehensive dis¬ 
cussions of the process have appeared.®*- 
The preliminary studies of Clusius and Dickel were followed by 

their separation of the isotopes of chlorine®® in an apparatus consisting 
of several individual columns 6 to 9 meters in length, connected in 
series and employing hydrogen chloride gas. Heating was effected 
by axial wires of platinum maintained at 69()°C. After some 37 days 
of operation, this apparatus produced about 8 ml. of hydrogen chloride 
gas containing chlorine of physical atomic weight 30.98 (i.e., 99.4% 
H**CI). With partially enriched hydrogen chloride (Cl = 35.17), the 
same apparatus yielded daily 16 ml. of gas containing chlorine of 
isotopic mass 34.979 (99.6% H”Cl) after 14 days of operation. Effi¬ 
ciency, based on energy imput, amounted to only 9 X 10“*. Num¬ 
erous other equally effective separations have been achieved by this 
method, among them the oxygen isotopes (99.5% **0)®* and helium.“ 

Since thermal diffusion is a continuous process, it is well suited to 
large-scale operations. The process is being used technically for the 
concentration of **C. Methane is the carrier gas in tall columns of 
iron pipe which contain an insulated axial heating wire and are cooled 
externally Avith water.®* The yield of ‘*C has been increased markedly, 
and the cost has been reduced correspondingly by new developments. 
Thermal diffusion effects also exist in liquids. Some preliminary 
concentration of ^*®U was effected by this means at Oak Ridge. 

CENTRIFUGAL METHODS. Centrifugal methods are closely allied 
to the diffusion methods already discussed because in a sense they are 
dependent upon diffusion of heterogeneous particles in an enhanced 


“ A. J. E. Welch: Ann. Reports, 37, 153 (1940). 

“ R, C. Jones and W. H. ^rry: Rev$. Modem Phys., 18, 151 (1946). 

“ K. Uusius and G. Dickel: Z. physik. Chem., 44B, 397, 451 (1939). 

•* K. Clusius and G. Dickel: Z. physik. Chem., 193, 274 (1944). 

”B. B. Mclnteer, L. T. Aldrich, and A. O. Nier: Phys. Rev., 72, 510 (1947): 
74, 946 (1948). 

" Anon,: Chem. Eng. News, 24 , 394, 488 (1946). 
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gravitational field. This is in effect a type of pressure diffusion. The 
possibility of separating isotopes by such gravitation effects was sug¬ 
gested in 1019 by Liridemann and Aston and developed theoretically 
in 1922 by Mulliken. In an applied centrifugal field, the theoretical 
separation factor S (i.e.. the ratio of the isotopes afthc center over the 
corresponding ratio at the periphery) is given by 




(2-13) 


where V is the peripheral velocity, d/j and .Ui the molecular weights 
of the materials containing the isotopes in question, R the gas con¬ 
stant, and T the absolute temperature. It is apparent that at constant 
temperature and velocity, the extent of the separation is dependent 
upon the mass difference between the isotopes in question. Such a 
procedure, therefore, should be as effective with the heavier elements 
as with the lighter, a characteristic which is particularly desirable since 
other physical approaches depend rather upon the relative masses 
of the isotopes and become decreasingly effective with the heavier 
elements. 

Early attempts at separation by centrifugal means failed because 
attainable peripheral velocitie.s were insufficient. With the develop¬ 
ment of high-velocity gas-driven centrifuges by Beams and his cowork- 
ers, isotopic concentrations by this means became practical. With 
equipment of this type, appreciable concentrations of the chlorine 
isotopes (as carbon tetrachloride^® and as hydrogen chloride*^) and of 
the bromine isotopes*’ have been effected. 

Separation in the liquid phase is less effective. As a consequence, 
the so-called evaporative centrifuge technique is employed. This 
technique, in brief, consists of condensing a gas in the periphery of the 
centrifuge and allowing the liquid to evaporate slowly while the 
centrifuge is spinning at high velocity, the resulting light fractions 
being drawn off gradually from the center by reduction in pressure. 
Results obtained are in accord with the predictions of Mullikcn’s 
theory. In the light of equation 2*13, enhanced separations might be 
expected as temperature is decreased. 

Appreciable concentrations of the uranium isotopes have been 
effected by using tall cylindrical centrifuges in which ga.seous ura- 
nium(VI) fluoride is pas.sed downward at the periphery and upward at 
the center or axis. By this means, a constatit diffusion of molecules 
from one current to another is establi.she<l by the centrifugal field, and 


J. W. B«*aius and C. Skurstrorn: Phys, 66, 200 (1939). 
H. C. Poll.u k: Phy.<t. Hn-., 67, 935 (1940). 

•• R. P. Ilunipliroys: Phys. liev., 66, C84 (1039). 
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a net concentration of the lighter isotope results at the axis and of the 

heavier at the periphery.*®-'' ^ „ 

distillation methods. Theoretical considerations offered by 

Lindemann in 1919 indicated that, since the rates of escape of atoms 
or molecules from a liquid surface are in general inversely proportional 
to the square roots of their masses, isotopic concentrations could be 
effected by distillation. Although Aston’s early attempts to con¬ 
centrate the neon isotopes by this means were unsuccessful, use of an 
elaborate fractionating column operating at low pressures and at near 
the triple point enabled Keesom and van to alter the mass of 

neon from the ordinary value of 20.183 to 20.091 and 21.157 for light 
and heavy fractions, respectively. Similarly, evaporation of liquid 
hydrogen at its triple point was used to concentrate the isotope to 
the point where it could be detected spectroscopically (p. 387). 
Fractional distillation of water concentrates both the hydrogen and 


oxygen isotopes, but the changes effected are small. With columns 
employing either alternate stationary and rotating plates or gauze 
packing to improve contact between down-flowing liquid and up- 
flowing vapor, the concentration has been increased some five¬ 
fold. Preliminary concentrations of jH have been effected in this 
manner. Applications and limitations of the procedure have been 
treated by Urey.*’ 

A somewhat different approach involves unidirectional evaporation 
from a liquid surface. This amounts to complete condensation of all 
material which enters the vapor state and the avoidance of a distillation 
equilibrium. Under such conditions, the quantities of materials 
removed from the liquid under given conditions are entirely dependent 
upon relative molecular velocities (and therefore upon relative masses). 
Best results have been obtained with mercury. In initial studies, 
Brpnsted and von Hevesy** evaporated mercury in a vacuum at 
40 to 60®C. and condensed essentially all the escaping vapors on a 
surface cooled with liquid air and placed 1 to 2 cm. above the mercury 
surface. This distance roughly equals the mean free path of mercury 
atoms and ensures the absence of collisions between mercury atoms in 
the free state. After numerous fractional repetitions of the processes 
in which the initial volume of 2700 ml. was reduced by a factor of 
about 100,000 in each direction, light and heavy fractions with specific 
gravities of 0.99974 and 1.00023, respectively, as compared with 
ordinary mercury, were obtained. By the same procedure, Honig- 


** W. H. Keesom and H. van Dijk: Pror. Koninkl. Nederland, Akad, Wetcnschap., 
34, 42 (1931); 37, 615 (1934); 38, 809 (1935). 

•* J. N. Bronsted and G. von Hevesy: Phil. Mag., 43, 31 (1922). 
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schmicl and Birkenbach^' obtained fractions with chemical atomic 
weights of 200 .d() 4 + O.OOb and 200.032 + 0.007, a.s compared with an 
original value of 200.01 + 0.000. and Harkins and his associates” 
obtained 100-gram samples of mercury differing in atomic mass by 
0.189. An interesting improvement on this molecular distillation 
procedure”-®’ involves combination of a number of individual units 
into a single arrangement by a series of containers arranged in a 
stair-step fashion. Above each cell is a sloping roof so arranged that 
material condensing above the cell flows down and drips into the next 
higher cell in the stair. Constant liquid level is maintained in each 
cell by an overflow device permitting liquid to flow to the next lower 
cell in the stair. The arrangement is thus completely automatic, 
with the lighter isotope concentrating in the top cell and the heavier 
in the bottom one. Striking concentrations of the mercury isotopes 
have apparently been obtained, but the procedure does not appear to 
be an especially practical one. 

ION MiGKATioN METHODS. lu 1921, Lindemanu suggested that ions 
of different ma.-^ses should migrate with different velocities. Thus, 
ion migration should effect isotopic concentrations, although early 
negative results indicate such rate differences to be small. Studies at 
the Bureau of Standards have shown, however, that, if ion migration in 
an electric field is balanced against counterflowing electrolyte, using a 
packing (e.g., of 100-mesh sand), definite alterations in the natural 
abundance ratios of the potassium,®®”’® chlorine,’‘ and copper” iso¬ 
topes can be effected. For example, with potassium the ratio of 
”K:*'K was increased from 14.2 to 24 in about 500 hours, with a 
separation factor of 0.385 X 10”’. In no case, however, were major 
concentrations obtained. 

Electrolytic ion migration in fused melts has been shown to effect 
enrichment of the heavy isotopes of silver” and of lithium and potas¬ 
sium.’^ Again the concentrations are not striking. 

0. H<>nip5chmid and L. Birkenbarh; Ber., 66, 1219 (1923). 

\V. D. Harkins and B. Mortimer: Phil. Mag. (7), 6, 601 (1928). 
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Anon.: J. Chem. Education, 26, 170 (1948). 
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Parham, R. J. Britten, and J. G. Reid, Jr.: Research Natl. Bur. Standards, 38, 
137 (1947). 

J. W. Westhaver: J. Research Natl. Bur. Standards, 38, 169 (1947). 
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MISCELLANEOUS METHODS. A number of miscellaneous but quite 
generally unsuccessful procedures have been described. Among the 
most interesting of those of a very specific nature is the reported 
alteration in the natural ratio of the helium isotopes by super-fluid 
flow below the X-point (p. 370).^^-Enrichment of =He in material 
not passing* as a surface film, although slight, wa5 measurable, sug¬ 
gesting that this isotope lacks super-fluid properties. 

Methods Involving Chemical Characteristics. The isotopes of a given 
element are chemically identical in that they react in the same fashion 
with a given reagent. However, they do not, in general, react at 
the same rate, and it is upon this fact that chemical methods for 
isotopic concentration and separation are based. Differences in 
reaction rates are dependent upon differences in zero point energy, 
i.e., energy at absolute zero. These differences are small; so rate 
differences are correspondingly small, and any separations based upon 
them are of necessity fractional in character. 

THE ELECTROLYTIC METHOD. Electrolysis was first suggested as a 
means of isotope separation by Kendall and Crittenden in 1923 but 
received no confirmation until Washburn and Urey’^ observed the 
quantity of to be greater in the residual water in electrolytic hydro¬ 
gen cells than in ordinary water. Exploitation of this observation and 
details of the electrolytic separation of deuterium (JH) are considered 
in Chapter 12 (pp. 387-389), The procedure has not proved particu¬ 
larly successful with elements other than hydrogen. 

EXCHANGE REACTION METHODS. Studies with deuterium (pp. 

390-391) showed that it often exchanged with the light hydrogen 
isotope in chemical reactions and suggested that isotopes of other 
elements might exhibit similar behaviors. The subject was treated 
theoretically by Urey and Greiff,’* who evaluated equilibrium con¬ 
stants for a number of systems of potential value by statistical means. 

Representative systems from their paper are summarized in Table 
2-4. 

Reactions listed in Table, 2-4 involve equilibria between liquid 
and gas phases. This is the type of reaction studied most extensively 
hy Urey and his students," For any such system, the following 
features are desirable: rapid establishment of the equilibrium, intimate 
contact between the phases, and ready conversion of the gaseous 

R. E. Probst, H. L. Johnston, L. T. Aldriih, ami A 0 Nier- 
72, 502 (1947). 

n V h- Johnston: J. Chent. Phys., 16, 759 (1947). 

MW J,* y H. C. Urey. Proc. Nad. Acad. Sci., 18, 496 (1932). 

n. C. Urey and L. J. Greiff: J. Am. CAcm. Soc., 67, 321 (1935). 
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TABLE 2 4 


Equilisrii’m Constants for Exchange Reactions 


Equilibrium System 

Equilibrium Oonstaot 

273.UK. 



S‘*0,(g) -t- 2H,>*0(1) S'*0,(g) + 2H,“0(1) 

1.040 

1.028 


C“0,(g) + 2H,“0(1) ^ C“0,(g) + 2H,»0(1) 

1.097 

1.080 


C“0,(g) + 2H,‘*0(g) C‘»0,(g) + 2H,“0(g) 

1.128 

1.110 

1.028 

2>»0,(g) -1- S>*04-*(8oln.) ^ 2“0»(g) + S“Or*(soln.) 

1.051 

1.036 

0.993 

‘*COi(g) 4- ‘»COi-*(8oln.) ^ '*COt(g) + “COrMeoln.) 

1.015 

1.012 

0.997 

*‘a,(g) + 2H*’Cl(soln.) ^ «CU{g> + 2H«Cl(soln.) 

1.007 

1.006 

1.0003 


component containing the desired element into the liquid component, 
and vice versa, to render the process continuous. These points are 
illustrated admirably in the concentration of the isotope by use of 
the equilibrium’* 

uNHaCg) + ‘*NH4+(soln.) ^ “NH4'*‘(soln.) + “NH3(g) K = 1.023 

Equilibrium is established by flowing an ammonium salt solution down 
a suitable column countercurrent to a stream of ammonia gas. At 
the bottom of the column, ammonia is regenerated from the ammonium 
salt by the action of sodium hydroxide and continuously returned to 
the system. As indicated by the equilibrium constant for the system 
as written, the ammonium salt solution is continually enriched in 
>^N, and the gas stream is depleted in it. Use of columns conteinmg 
large numbers of theoretical plates renders this process quite efficient, 
and it is employed for the large-scale commercial concentration of the 

heavy nitrogen isotope.**-®' 

Notable successes have been achieved in other gas-liquid exchang 
reactions. Among them are” 


‘3COi{g) + H'’COr(soln.) ^ H'*COj-(soln.) -f ”COi(g) 

H‘*CNCg) + ‘>CN-(soln.) ^ ”CN-(soln.) + H”CN(g) K - 1-026 


”SO,(g) + H”S 03 -(soln.) H”S 03 -(soln.) + »’SOi(g) 

Of particular importance also is the fact that if hydrogen gas and 
liquid water are equilibrated in the presence of a su.table catnly»‘ 
deuterium concentrat.on- in the liquid phase amounts to about three 

» H. C. Urey, J. R. Huffman, H. G. Thode, and M. Fox: J. Chem. Phys., 6, 856 
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times that in the gas phase. Concentration of the heavy hydrogen 
isotope by this means has been effected (p. 391). 

Solid-liquid systems involving natural and synthetic zeolites as 
cation exchangers have been investigated also. When a sodium 
zeolite (say NaZ, where Z is the zeolite anion) is treated with a. metal 
salt solution, the sodium and metal (M'*’") ions exchange according to 

to 

the equation 

M+"(soln.) -f- nNaZ(s) ^ A/(Z)„(8) + nNa'*‘(soln.) 

Reversal of the reaction by addition of a sodium salt then regenerates 
the original materials. It is conceivable that not all the isotopes of 
the metal M would exchange at the same rate. Although no practical 
results have been obtained, slight alterations in the isotopic composi¬ 
tions of lithium** and of potassium** have been effected in this fashion. 
For example, the *Li isotope is taken up more readily by the zeolite 
and released less readily than the ’Li isotope. 

A procedure often described as an exchange in a liquid-liquid system 
but which is more probably dependent upon slight differences in 
electrode potentials between the lithium isotopes is that in which small 
droplets of lithium amalgam were allowed to drop through a methanol 
solution of lithium chloride in a tall column.** Under these conditions, 
the equilibrium 


’Li(amalg.) «Li+(alc.) ®Li(amalg.) ’Li+(alc.) 

was established, the lighter isotope concentrating in the amalgam. 
By rendering the process continuous the ®Li:’Li ratio was altered 
from 1:11.6 to 1:5.1. The procedure lacks practicality. 

More recently, exchange reactions in gas-gas systems have been 
shown to be useful. For example, the equilibrium 


>®NO(g) + **N02(g) ^ ’*NO(g) + >*NO,(g) 

established in a thermal diffusion column effects sizable alterations in 
the isotopic composition of nitrogen.** Correspondingly, a counter- 
current gaseous process based upon the equilibrium 


”COj(g) -f >*CO(g) ‘*COj(g) + ’*CO(g) 
has been used to concentrate the '*C isotope.** 

MT ]' 597 (1937). 
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Exchange reactions are particularly advantageous in that they can 
he cascaded without difficulty to increase separation factors remark¬ 
ably. Slight separations achieved in single-phase operations can 
thus be magnified, and large-scale installations become practical. 
Reviews”-®’ should be consulted for further details. 

MiscELL.\NEous CHEMic.\L METHODS. Certain chemical reactions 
appear to produce slight alterations in isotopic ratios although sig- 
nihcant differences have not been demonstrated. Among such reac¬ 
tions are: preferential liberation of [H as the free element or gaseous 
hydride when water, acidic solutions, or alkaline solutions are treated 
with certain metals, metal carbides, or metal sulfides; differences in 
ease of liberation of the oxygen isotopes when hydrogen peroxide is 
decomposed on colloidal platinum; preferential reaction of i^Cl when 
carbon tetrachloride is heated with sodium amalgam; and differences 
in the rate of liberation of the chlorine isotopes when carbonyl chloride 
is decomposed photochemically. 

THE STABILITIES OF ATOMIC NUCLEI 


/Vuc/e«r instobi/ity 

Inasmuch as many nuclei are stable, attractive forces must exist 
between neutrons and protons. Although the natures of these forces 
are not completely understood (p. 18). they appear to amount to 
energ>' exchanges cfa mesons. At the same time, coulombic repulsive 

forces among the protons must also exist. 

If only the attractive forces between neutrons and protons are 
considered, it is apparent that any energy exchange between these 
particles would be at a maximum when equal numbers of ^^^u^s 
and protons were present. Nuclear neutron to proton ratios (A. ), 
on this basis, should then approach unity. However, since the pro¬ 
tons mutually repel each other, there will also be a tendency to^ 
reduction of these forces through reduction m the number of protons. 
Such an effect should increase as the number of protons 
The actual neutron to proton ratio eharaoter.zmg a nucleus «.11 the 
he such that a balance exists between the tendency touard neutron 
proton equalization and the tendency toward proton reduction. W. h 
"uclei cltaining but few protons (low Z). the first tendency w. l 
> *0 (?J P - n- but with nuclei containing many protons, 

from 1 to 1.6 for the naturally occurring nuclei. 

A. L. G. Rees: Ann. Reports, 38, 83 (1941). 
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Pio. 2* 10. Relations between numbers of neutrons and protons in stable naturally 

occurring nuclei. 


In Figure 2*10, the numbers of neutrons in stable naturally occurring 
nuclei are plotted against the numbers of protons. An average curve 
drawn through these points represents the neutron-proton conditions 
for greatest potential nuclear stability. Its coincidence with the 
dotted curve for the condition N — P apparent at low values of Z, 
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as is its de\'iation at higher values of Z. It appears, therefore, that 
for every value of nuclear charge (Z) only a limited number of isotopic 
species should possess marked stabilities. An excess or deficiency in 
number of neutrons should then impart instability, and the greater 
the departure of the nuclear composition from the general curve, the 
greater the probable instability of that nucleus. 

Nuclear instabilities can be correlated, therefore, with the tendencies 
of the nuclei to readjust unfavorable neutron to proton ratios to more 
favorable values. Nuclei with excessively high neutron to proton 
ratios (i.e., those containing e.xcessive numbers of neutrons) make such 
adjustments by increasing their nuclear charges. This can be accom¬ 
plished by: 

1. Beta emission. Beta (/?“) emission amounts to the emission of 
negative electrons which may be regarded as being created by the 
transformation of neutrons into protons (p. 18). The emission of a 
beta particle increases the nuclear charge by one unit (Z —♦ Z + 1) 
but is without effect upon the mass number. Beta emission is common 
among both natural and synthetic radioisotopes. In terms of Figure 
2-10, it would characterize nuclei lying above the general stability 
curve as shown. 

2. Neutron emission. Neutron emission is difficult to detect and is 
apparently extremely uncommon and relatively unimportant. It 
has been observed in only a few instances, e.g., among some of the 
fission products. Neutron emission would decrease the mass number 
by one unit (A —♦ A — 1) without affecting the nuclear charge. 

Nuclei wth low neutron to proton ratios (i.e., those containing 
exces.sive numbers of protons) make adjustments by decreasing their 
nuclear charges. This can be accomplished by: 

1. Positron emission. Positrons (/S'*") may be regarded as resulting 
from transformation of protons into neutrons (p. 18). Emission of a 
positron decreases the nuclear charge by one unit (Z—♦ Z — 1) but 
is without effect on the mass number. This type of transformation is 
known only among the synthetic radioisotopes. 

2. Orbital electron aplure. As an alternative to positron emission, 
a nucleus may capture an orbital electron, thereby converting a proton 
to a neutron and giving the same mass and charge effects. Since the 
electron captured is normally one of tho.se clo.sest to the nucleus, i.e., 
a K electron (p. 87), the process is usually termed A'-clectron capture, 
or more simply A-capturc. To fill the vacancy so created, an electron 
worn a higher energy level drops into the A-shell, and characteristic 
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x-radistion is emitted. X-electron capture is rather uncommon and 
is usually found only among the synthetic radioisotopes. 

3. Proton emission. Proton emission may be reprded as a possible 
means of increasing neutron to proton ratios, but it is highly unlikely 

and of no importance. 

In terms of Figure 2-10, these processes would characterize nuclei 

lying below the general stability curve as shown. 

In general, whether a nucleus will attain stability through beta 
emission or through positron emission or iC-electron capture can be 
predicted by application of the stable isobar rule of Mattauch.'''* 
This empirical generalization states that stable isobar pairs do not 
exist where nuclear charges differ by only one unit. Although a few 
apparent exceptions are known (p. 25), the lack of more exceptions 
indicates its validity. It is not improbable that each of the known 
exceptions is characterized by one unstable isotope of long half-life 
and feeble activity. A nucleus, therefore, ordinarily decays to a 
stable isobaric nucleus. Thus unstable IJNa decays to stable JJMg 
by beta emission; unstable *jN decays to stable 'gC by positron emis¬ 
sion; unstable JJV decays to stable by iC-electron capture, etc. 
The absence of stable naturally occurring isotopes of charges 43 and 
61 is associated with the existence of stable isotopes of all mass num¬ 
bers in these charge regions. It is presumed, therefore, that only 
radioactive isotopes of these elements can exist. 

It may be inferred from the foregoing discussion that there can be 
but one arrangement of neutrons and protons in a particular nuclear 
species and that if such a species is unstable it can decay, therefore, in 
but one fashion. Although this is generally true, there is abundant 
evidence that the nucleons may be present in more than one energy 
condition, or in other words that nuclear energy levels may exist in 
much the same fashion as do extranuclear electronic levels (pp. 81- 
86). Such levels are metastable with respect to the one of lowest 
energy content, but sometimes their stabilities are such that a given 
nucleus (fixed Z and A) may exist in more than one level and thus 
possess different properties. This gives rise to the phenomenon of 
nuclear isomerism. 

Decay processes are complicated by nuclear isomerism. This is 
shown in a general way in Figure 2T1. The unstable nucleus X may 
exist in any one of several energy levels A, A', or A”. A and A' are 

**J. Mattauch and S. Flueggc: Nuclear Pkysice Tables and on Introduction to 
Nudear Physics, p. 97. Interscience Publishers, New York (1946). Z. Physik, 
•l, 361 (1934). 
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metastable with respect to A”. Such a nucleus could gain stability 
by losing energy through transition from A or .1' to A”, a process 
known as isomeric transition (I.T.). Xo mass or charge alteration 
occurs, but energy is lost either as .short wavelength or gamma (y) 
radiation or by transfer to orbital electrons. The latter may cause 
one or more orbital electrons to be emitted from the atom in question. 
Such electrons are called internal conversion electrons (e“), and their 
emission is accompanied by .\-radiation as with A'-electron capture. 



Fig. 211. Diagr.'itnmatic representation of iiuj|leftr isomerism. 

The unstable nucleus X (Figure 2T1) may decay to the stable 
nucleus Y of energy C l)y alternative paths. If the isomeric transition 
from A to A" requires an appreciable time interval, decay may proceed 
by the path A-A"-0' as well as by the direct path A-C\ The 
same type of decay but with two half-life periods (p. 58) would 
result. In some instances, however, nuclear isomerism may lead to 
two different decay types and products. Thus nucleus X (Figure 2*11) 
might decay to nucleus Y by the path A-C' and to another nucleus 
Z of energy C by the path A-C. Obviously, such a situation 
could exist only if C" and C were nearly identical and nuclei Y and Z 
were stable isobars of X. Examples of both nuclear isomerism effects 
are known. Thus .j?Co decays to SgNi by beta emission, but tw'o decay 
paths are noted, one involving direct decay followed by an isomeric 
transition and the other successively an isomeric transition, a ff- emis¬ 
sion, and two isomeric transitions. On the other hand, 4 :Ag decays 
by (S" activity to '^gCd and by 0* activity to ‘?ePd. Both 0- and a 
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activity are shown by certwn naturally occurring isotopes, among 
them RaC, AcC, and ThC. 

Gamma radiation associated with the above processes is penetrating 
electromagnetic radiation of somewhat shorter wavelength than 
x-radiation. Its emission is associated with energy changes within the 
nucleus and is not associated with mass or charge changes. Gamma 
radiation results from a secondary energy release mechanism. 

One other instability factor requires consideration. This is the 
sheer of the nucleus. Nuclei possessing excessive masses are 

spontaneously unstable. Thus no nuclei of mass numbers above 209 


TABLE 2-5 


Nuclear Decat Processes 


Process 

Designation 

Change 

inZ 

Change 
in A 

Examples 

Beta emission 


+I 

0 

*;c 

6100 y. 

‘JN 

»:ux. 


24.1 d. 

Foaitroo emission 


-1 

0 

iSNe 

iJMg 

“Fe 

UAs 

l\Mn 

;?Co 

‘Jiui 

»,:Ra 

20.3 ». 

11.6 «. 

ir 

JlNa 

SiMn 

liGe 

SjMn 

•!Co 

*iSux, 

«lRn 

fC-electroQ capture 

K 


0 

4 y. 

1 

90 d. 

Isomeric transition 

I.T. 

0 

n 

21 m. 


10.7 m. 

Alpha emiasion 


_o 


4.6 X y. 

CK 

■M 

9 

1500 y. 







(at are stable. Such nuclei readjust themselves to the stable 
range by following down the curve in Figure 2* 10 through emission of 
alpha (a) particles. Emission of an alpha particle (p. 10) decreases 
the mass number by four units (A —> A — 4) and the nuclear charge 
by two {Z-* Z — 2). The emission of a particle of such large mass 
and charge requires a comparatively energetic parent nucleus. With 
but few exceptions only the heaviest nuclei possess these energies. 
Emission of alpha particles by light nuclei is most uncommon. 

The general attempt of nuclei to attain stability through emission of 
energy due to the readjustments described above gives rise to the 
plm^menon of radioactivity. The various processes involved in 
radioactive decay are summarused in Table 2*5. The energies associ- 
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ated with s»ich jjrocQsses are commonly expressed in millions of elec¬ 
tron volts (Mcv). 


Radioactive decay 


llailioHCtive dccav is cssontiallv random in character and is kinetic- 
ally u first-order process, i.e., one in which the rate depends only upon 
the number of decaying atoms present. Each decay process is thus 
governed by the expression 



(2-14) 


where n is the number of atoms of the species present and X is a con¬ 
stant characteristic of that species. Integration of this expression 
and evaluation of the time neces.sary for one-half of the atoms present 
initially to decompose (i.e., the half-life period) give 



0.6932 



(215) 


Each radioactive species is characterized by its half-life period. Such 
periods range from 10"' sec. to 10“ years. 

Although decay of a particular species commonly gives a stable 
product in a single step, examples of chain decay are known. In 
the production of synthetic radioisotopes by bombardment (p. 71) 
or fission (p. 72), products with large excesses of neutrons result. A 
number of successive beta emissions is thereby essential before the 
stability curve (Figure 2'10) can be approached. Among the heavy 
nuclei, on the other hand, successive alpha emissions lead to a general 
following down of the stability curve, but the curve drops more steeply 
than simple alpha emissions would predict. Hence nuclei with exces¬ 
sive numbers of neutrons result, and periodic beta emissions are 
noted. This is characteristic of the various heavy element decay 
series (pp. 04-65). 

If a given radioisotope decays to a second active matenal, the 
activity of the first material will decrease with time while that of the 
second will increase in the reverse order. Eventually, a state of 
apparent equilibrium between the two will be reached, a state in 
which the decrease in activity of the first will be balanced by the 
increase in activity of the second. In chain decay, all the members 
will be involved, and the general equilibrium will be governed by the 
long half-life of the parent element. It follows from Equation 2-14 
that such an equilibrium is characterized by the expression 
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Binding Energies and Nuclear Stabilities 

Tl-lXl = rtjXj = TljXa = • • • = TlnXn 
where the subscripts refer to the various species involved. 

Binding energies and nuclear stabilities 

Nuclear stabilities have been related to packing fractions and mass 
defects (pp. 36-38). This is possible because in the synthesis of 
any nucleus from its component particles a certain quantity of mass 
disappears by transformation into energy in terms of the Einstein 

relation 

E = mc^ (2-17) 

The energy-equivalent of this mass loss is known as the binding energy 
of the nucleus, and its magnitude is a measure of the stability of that 
nucleus. Indeed, it is much more exacting to characterize a species in 
terms of its binding energy than in terms of either packing fraction or 
mass defect, for the binding energy is determined by the true mass loss 
and does not involve the more indeterminate mass number. 

Binding energies may be calculated readily from nuclear composi¬ 
tions. Thus for the deuteron, which is composed of one neutron and 
one proton, the calculated mass is (p. 10) 

1.00893 + 1.00757 = 2.01650 AMU 

The mass of the deuteron is that of the deuterium atom (2.01471) 
less one electron mass (0.00055), or 2.01416 AMU. The mass loss in 
the synthesis of the deuteron, 0.00234 AMU, corresponds, in terms of 
Equation 2T7, to an energy of 2.18 Mev.* Similarly, the binding 
energy of the “0 isotope can be calculated. Since this atom contains 
eight neutrons, eight protons, and eight electrons, its mass should be 
that of eight neutrons (8 X 1.00893) and eight hydrogen atoms (8 X 
1.00812), or 16.13640 AMU. The actual mass is 16.00000 AMU; so 
the mass loss of 0.1364 AMU corresponds to a binding energy of 127 
Mev. 

In a sinular way, binding energies can be calculated for other species. 
In comparing these, it is most common to evaluate the binding energy 
per nucleon (e.g., 7.9 Mev for Values of this type are sum- 

matiied in Appendix I and plotted in Figure 2T2. It is apparent 
that this curve is essentially the reciprocal of the packing fraction 

•Substitution in Equation 217 of ni = 1.661 X 10-« gram for 1 AMU and 
c “ 2.998 X 10'® cm./sec. gives an energy E = 1.493 X 10"* erg. However, 
ance 1 electron volt, (ev) = 1.602 X 10““ erg or 1 Mev = 1.602 X \0~* erg, 
Wbstitution shows 1 AMU to be equivalent to 931 Mev. Correspondmgly, 
1 electron mass is equivalent to 0.6107 Mev. 
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Fia. 2-12. Nuclear binding energy curve. 



2 Natural Radioactivity 

curve (Figure 2-6). Except for the lightest nuclei, binding energ^s 
per nucleon average about 6 to 8 Mev. A maximum of some 8.7 
Mev is reached in the vicinity of mass number 55 (i.e at iron), with 
decreases at low mass numbers being more abrupt and irregular than 
at high ones. It follows that maximum nuclear stability toward 
natural decay or toward alteration by bombardment would character¬ 
ize those species with highest binding energies. Thus the synthesis of 
*He from hydrogen atoms, a highly energetic and potentially useful 
process (p. 68), is accompanied by increased stability due to increased 
binding energy. The abundance of iron (p. 885) is associated with the 
same factor. The decomposition of the heavy elements, either natur¬ 
ally or by 6ssion (p. 69), occurs because lighter nuclei have greater 

binding energies. 


Natural raiUoactivity 

The discovery of radioactivity among the naturally occurring ele¬ 
ments was a more or less accidental result of attempts by Henri 
Becquerel to relate x-radiation to fluorescence. Among the materials 
studied was a uranium salt which fluoresced brilliantly when exposed 
to ultraviolet radiation. However, when this substance was wrapped 
in black paper and placed adjacent to a photographic plate, the plate 
was fogged. Subsequent studies showed the property of affecting a 
photographic plate to be common to all uranium compounds and to be 
independent of fluorescence, phosphorescence, or physical state.*’ 
Further work was assigned to Marie Curie, who in collaboration with 
Pierre Curie soon found the phenomenon to be more pronounced with 
the natural uranium ore pitchblende than with pure uranium com¬ 
pounds of the same uranium content. From such source, the 
new and highly radioactive elements polonium” and radium®^ were 
extracted. Subsequent studies by the Curies and others revealed 
radioactive properties among all the heaviest elements. 

Early investigations on radioactive materials were concerned pri¬ 
marily \rith their spontaneous release of energy and were carried out 
without knowledge of their relation to atomic structures. In fact, 
information accumulated in this way provided the foundations for 
much of present atomic theory as has been indicated. In the light of 
present knowledge, the results obtained by early investigators roust 
be regarded as little short of remarkable. 

Most of the naturally occurring radioactive isotopes are those of 

“ H. Becquerel: Compt. rend., 122, 420, 501, 559, 689, 762, 1086 (1896). 

**P. CJurie and M. Curie: Compt. rend., 127, 175 (1898). 

•‘P. Chirie, M. Curie, and G. B^mont: Compt. rend., 127, 1215 (1898). 
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hijih miclcar ctiarges and mass imrnlicrs. All nuclei with charges 
greater than S3 are railioaclive. and in aildition certain nuclei of 
charges 8I (thallium isotopesi, 82 (load isotopes), and 83 (bismuth 
isotopes) arc also unstable. Only a few naturally occurring isotopes of 
lower nuclear charges have been shown to be radioactive. Those are 
summarized in Table 2 0. These isotopes are all characterized by 


T.\BLK 2 0 

N.^ti k.m.i.y U.^dioactive Isotocks of lac.HTER Elements 


.\ucIoiis 

Decay 

Protluct 

Half-life, years 

Energy of Radiation, 
Mev 

1 


d- 

I ;hc 

12 4 

i 0 0179 

■:c 

: 

■?N 

5 X 10> 

0 145 

40 V 

J9^ 

1 

0-, y 

1 

1.8 X 10’ 

1 9(d-) 

1.5(7) 

"Rb 

» 7. 

t;sr 

6 3 X lO*® 

0.13(^-) 

0 13(7) 

•;:in 1 

r 

‘iJSn 

6 X 10“ 

0 63 

■»Nd 


HO 

01 

ca. 5 X lO'® 

0 oil 

•»Sm 

a 

1 

VSNd 

1.0 X 10‘* 

2 0 

’;:lu 

R~, y (337c) 


2.4 X 10*“ 

0.4(/3-) 


A'(077) 1 



0 26(7) 

'"Re 

0- 

■"Os 

4 X 10'* 

0 043 


long half-lives (except ffl) and comparatively feeble activities. It is 
conceivable that, as the sensitivities of detecting instruments increase, 
other examples will be found. Certainly one wonders whether the 
apparent exceptions to Mattauch’s rule (pp. 25, 55) will not each 
be characterized by un.stable but long-lived spocic.s. 

The heavy radioactive isotopes may be grouped into so-called dis¬ 
integration or decay series, of which there are three for the naturally 
occurring elements and one for a number of materials arising from 
synthetically obtained heavy isotopes.’*-These series are referred 
to as (or thorium), 4n -H 1 (or neptunium), 4n -I- 2 (or uranium), 
and 4« -b 3 (or actinium) series, the numerical designation indicating 
whether the mass numbers of the members are exactly divisible by 4 or 

” F. H.igemann, L. I. Knlzin, M. H. Studier, A. Ghiorso, and G. T. Seaborn: 
Phys. Ilev., 72, 252 (1947). 

»> A. C. English, T. E. Cran.shaw, P. Demers, J. A. Harvey, E. P. Hincks, 
J. V. Jelley, and A. N. May; Phys. Rev., 72, 253 (1947). 

G. T. S€;iborg: Chem. Eng. News, 28, 1902 (1948). 
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divisible by 4 with remainders of 1, 2, or 3. Each series is character¬ 
ized by a parent of long half-life and a series of decay processes which 
lead ultimately to a stable end product. With the three natural 
series, the end products are isotopes of lead; with the 4n + 1 scries a 
bismuth isotope results. 

The general characteristics of the disintegration scries are indicated 
in Table 2*7. Included in this table are data indicating that lead 


TABLE 2-7 

Cha-ractebistics of the Disintegration Series 







Particles 

Mass of 
I>cad from 




Half-life of 
Parent, years 

Stable End 

IX)3t 

Series 


Parent 

Product 




a 

0- 

Minerals 




1 

4n 

Th 

»*Th 

1.39 X 10'* 

»*ThD 

6 

4 

207.9 

4n + 1 

Np 

*”Np 

2 25 X 10* 


7 

5 


4n +2 

U 

‘Jiui 

4.51 X 10» 

*®{RaG 

8 

6 

206.03 

4n +3 

Ac 

*UAcU 

7.07 X 10* 

*j;acd 

7 

4 

207 


samples isolated from thorium, uranium, and actinium minerals agree 
in mass with values calculated from the disintegration series and sug¬ 
gesting that such lead was produced by these disintegrations. The 
lead-uranium and lead-thorium ratios in minerals, coupled with 
knowledge of the various half-life periods in the appropriate series, 
indicate the age of the earth to be some 2000 to 3000 million years. 

Specific details concerning the disintegration series are summarized 
in Appendix II (pp. 917-918). In this tabulation each radioisotope 
in general decays to the one placed immediately under it. Exceptional 
are the cases of nuclear isomerism where two decay paths lead to 
chain branchings. Wherever chain branching occurs, merger again 
results in a subsequent step. The last material given for each series 
is the stable end product. The names characterizing the various 
isotopes were given, in general, as the series were worked out. It will 
be noted that the system used has some regularity. 

Successive transformations in the natural disintegration series 
were first systematized by. comparisons of the chemical properties of 
the various isotopes. Using such information, Rutherford, Soddy, 
and Fajans formulated the so-called displacement laws. These may 
be stated as; 

1. When an element emits an alpha particle, the product has the 
properties of an element two places to the left of the parent in the 
periodic table. 
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2. When an eleniont emits a beta particle, the product has the 
properties of an element one place to the right of the parent in the 
periodic table. 

These generalizations were invaluable in correlating information on 
radioactivity. If they appear obvious at the moment, it must be 
remembered that their formulators were without benefit of modern 
atomic structure concepts. These relations are shown among the 
radio elements in Figure 2T3. 


IS'uclear transmutations and artificial radioactirity 

The first experimental conversion of one nucleus into another was 
effected in 1919 by Rutherford.®^ When energetic alpha particles 
from radium-C were passed through nitrogen gas, long-range protons 
were detected. These protons were shown clearly to result from 
collisions between alpha particles and nitrogen nuclei according to a 
reaction which may be formulated as 

“N + jHe - ',’0 + |H 

Subsequent work by Rutherford and Chadwick (1921-1922) showed 
that all elements between boron and potassium, except carbon and 
oxygen, underwent similar transmutations, and the field of nuclear 
reactions grew as more and more investigators studied these and other 
reactions. 

In 1934, I. Curie and F. Joliot»« noted that when either boron, 
magnesium, or aluminum was bombarded with alpha particles an 
expected transmutation with neutron emission occurred but that 
positron emission, decreasing with elapse of time, continued after 
bombardment ceased. By careful analyses of materials employed and 
produced, they were able to show that in each case alpha bombard¬ 
ment produced an unstable nucleus which then underwent radioactive 
positron decay. With boron and aluminum, for example, the processes 

amounted to 


‘gB -h tUe ‘fN -b In 

I-►'JC + ^ ((h = 9.9 min.) 

\IM + \Ue -> + Jn 

I-►f^Si + ^ (^4 = 2.55 min.) 

Such was the discovery of artificial radioactivity. 


E. Rutherford: PhiL Meg. (6)^ 37, 681 (1919). 

I. Cxiric and F. Joliot: Compt, rcrid., 198, 254 (1934). 


Ch,2 


Nuclear Transmutations 


67 


There is no real distinction between a nuclear reaction leading to 
stable products and one leading to unstable products. In terms of 
Bohr’s approach®^ bombardment of a nucleus amounts first to absorp¬ 
tion of the bombarding particle to produce an unstable compound 
nucleus. In a second step this compound nucleus decomposes within 
a short time interval (10“** to 10"“ sec.) to a set of products. These 
products may be stable or they may be unstable and undergo decom¬ 
position with periods which are long in comparison with the life of the 
compound nucleus. 

Because atomic nuclei differ but little in size from the bombarding 
particles, they present tiny targets. The probability of a collision is 
described in terms of the cross-section (a) of the nucleus. Nuclear 
cross-section is defined by the equation 


a = N/Inx (2-18) 

where N is the number of processes occurring in the target, I the num¬ 
ber of incident particles, n the number of target nuclei per cubic centi¬ 
meter of target, and i the target thickness in centimeters. Nuclear 
cross-sections have magnitudes of the order of 10“*^ cm.® (= 1 barn). 
The situation is further complicated by the facts that positive bom¬ 
barding particles are strongly repelled by nuclei and that binding 
energies are such that only the most energetic of particles are effective 
in producing rupture. Only recently have the experimental means 
become available for effecting nuclear reactions on any but minute 
scales. 

Nuclear reactions may be carried out by bombardment with alpha 
particles, deuterons, protons, neutrons, x-radiation, gamma radiation 
(photons), or electrons. The magnitudes of the energy barriers which 
must be surmounted render pc«itive particles comparatively inefficient, 
particularly against nuclei with large charges. In a measure, this is 
compensated for by rendering the positive particles more energetic. 
Neutrons, on the other hand, have no energy barriers to overcome 
and are very effective. Even neutrons of low energies (slow or 
thermal neutrons) enter nuclei and produce many important reactions. 
Gamma- and x-ray-induced reactions are comparatively rare. Those 
involving electrons have become important only since the develop¬ 
ment of electron accelerators such as the betatron. 

In discussing nuclear reactions, it is customary to employ the 

notation 


M{a,6)M' 

"N. Bohr; J\ra<«ra>iMcrMcA<i/ten, 24, 241 (1936); Nature, 137, 344 (1930). 
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where and M' are. respectively, the target and product species. 
n is the homharding ajient, and b is the omitied particle or photon (if 
.•tnyl. d hus. the reactions mentioned above (p. 00) may be written 
‘?B(Q./t)*?Xand 

It must be emphasized that equations describing nuclear reactions, 
like those describing chemical reactions, must balance as to mass 
numbers and charges. Nuclear reactions, like their chemical counter¬ 
parts, are characterized by the absorption or release of energy. This 
may be indicated by inchniing an energy term Q in the equation as, 
for example, 

S*N + ille-* 'iO + IH + Q 

Obviously Q may be positive (exoergic reaction) or negative (endoergic 
reaction). Value.s of Q are commonly expre.ssed per nucleus reacting 
and are much larger than corresponding chemical values. For the 
^*'Sia.p)^lO reaction 1.13 Mev of energy is absorbed (Q = -1.13 
Mev), corresponding to 4.33 X 10“’’ kcal. per atom. For a gram 
atom, then, 6.02 X 10^^ times as much energy, or 2.C1 X 10'*'^ kcal., 
would be required. Ordinary chemical reactions seldom produce or 
require more than 1 to 2 X 10* kcal. of energy. 

The energetics of nuclear reactions are of course associated with the 
mass changes which characterize them (p. 59). Mass changes may 
be used to evaluate the energies of nuclear reactions in terms of 
Equation 2*17, or conversely observed energy changes may be used to 
evaluate masses and therefore physical atomic weights {p. 33). 
As typical of the evaluation of a nuclear reaction, the conversion of 
hydrogen into helium may be considered. This reaction may take 
anv one of a number of courses, but for simplicity let us assume the 

reaction to be represented by 

2lH + 2jn jHe + Q 

The total mass of the reactants (2 X 1.00812) + (2 X T00893), 
or 4.03410 AMU, when compared with the mass of ^He, 4.00390 AMU, 
shows the reaction to be characterized by a mass loss of 0.0302 AMU. 
'I his IS equivalent to a release of 28.12 Mev of energy per helium atom 
produr ed or 0.45 X 10* kcal. per gram atom of helium. Comparable 
thermonuclear (or fusion) reactions involving tritium appear to e 
even more highly exothermic. It is little wonder that the conversion 
of hydrogen to helium should produce such tremendous solar tem- 

ncratures or that it should be of interest as a source of energy. 

The energy associated with a nuclear reaction may be used to evalu- 
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ate the isotopic mass of one of the reactants or products, provided the 
isotopic masses of the other materials involved arc known. This is pos¬ 
sible because of the mass equivalence of energy, ft is apparent that 
physical atomic weights may be evaluated from such data, provided 

isotopic abundances are known. 

Types of nuclear reactions 

Nuclear reactions may be classified either in terms of the overall 
transformation which occurs or in terms of the nature of the bombard¬ 
ing particle. Using the first method, one can distinguish the following 
types of reactions: 

1. Capture reactions. The bombarding particle is absorbed with or 
without the emission of gamma radiation, hut no massive particle; 
other than the product nucleus is produced. Neutron capture is 
common. 

2. Particle-particle reactions. In addition to the product nucleus, 
a massive particle (proton, neutron, etc.) is produced. Such reactions 
are commonly encountered. 

3. Fission reactions. A heavy nucleus, created by bombardment, 
breaks into two or more fragments, with masses roughly half that of 
the original. The process produces large amounts of energy and 
usually several neutrons. Although neutron-induced fission involving 
’JjU and ’SJPu has been most widely investigated, fission of other 
thorium, protactinium, and uranium isotopes with neutrons, protons, 
deuterons, alpha particles, and gamma rays has been effected as well 
as fission of isotopes of lighter elements such as tantalum, platinum, 
thallium, lead, and bismuth with high energy deuterons and alpha 
particles. Neutron-induced fission is discussed in detail on pp. 
72-77. 

4. SpaUatum reactions. In addition to products of the normal type, 
large numbers of light fragments corresponding to decreases in mass 
number up to 30 units and in charge up to 14 units result. Such 
reactions occur only when the bombarding particles are very highly 
energetic and are of rather recent discovery. They are of considerable 
potential importance. 

5. Fusion reactions. Certain light nuclei may fuse together to 
produce heavier nuclei, e.g., in the formation of helium from hydrogen 
IP- 08). Such reactions are exothermic and of considerable interest 
M potential sources of energy. It appears that triggering such reac- 

ions by high initial temperatures may be essential to their continua- 
Mon on large scales. 



70 


Atomic Nuclei and Properties Related Thereto C/i. 2 

TABLE 2 8 

Types of Nuclear Reactions 



Typo of Activity 


Produced in 


ReactioD Type 

Product 

Examples 

1. .Alpha-induced reactions 


(a, a) 

stable or 


(a,p) 

2. I’roton-induccd reactions 

stable 

‘JN(a.p)>;0 

IiAJ(a,p)»Si 

(p,y) 


'JN(p,y)‘‘0 

';C(p,7)>*n 

ip.n) 


*!0(p,n)-;F 

(p4) 


jBe(p,d)jBe 

■ (P.«) 

stable or 

';N(p.a)'lC 

»Al(p.a)JJMg 

3. Deuteron-induced reactions 



(d.p) 

0- 

!:Na(d.p)J,‘Na 

i;ci(d,p)i;a 

(d.n) 

stable or 0* 

‘iC(d,nt‘JN 

"ClKn)*i|A 

(d,2n) 


?JCl(d,2n)"A 

(d,a) 

stable or 0~ 

'SO(d,a)‘?N 

!;ci(d,«)!!8 

4. Gamma-induced reactions 



( 7 ,a) 

0^ 

:Be{7,n);Be 

5. Neutron-induced reactions 



(n,7) 

0- 

;!Br(n,7)nBr 

*;ju(n.7)*;iu 

(n.P) 

0- 

'*N(n.p)';C 

!iRb(n.p)|!Kr 

(n,a) 

0- 

*:F(n,a)';N 

«Rb(n,a)«Br 

(n.2n) 

0^ 

‘JN(n,2n)‘*N 

»Rb(a,2n)»Rb 

(n,fission) 

0- 

*J}U(n,fission) fission products 
*JJThCn,fission) fission products 
*JJPu(n,fission) fission products 





Ch,2 


71 


Types of Nuclear Reactions 

Classification of nuclear reactions in terms of the bombarding agent 
gives the types summarized, together with appropriate examples, in 
Table 2-8.Each of these may now be considered in some detail. 

1. AlphoAnduced reactions. Because of large coulombic repulsions, 
reactions of this type are comparatively inefficient for any but the 
lightest nuclei. The reaction 5Be(a,n)^oC provides a convenient 
source of neutrons and is commonly effected by use of powdered beryl¬ 
lium and radon in a sealed cylinder. Information on (a,p) and (a,n) 
reactions has already been given (pp. 66-69). 

2. Proton-induced reactions. Although coulombic repulsions are 
less with protons than with alpha particles, the smaller mass of the 
proton renders it difficult for the proton to surmount or penetrate the 
nuclear energy barrier unless it is highly energized. Proton reactions 
commonly yield positron emitters because of unfavorable increases 
in nuclear charge. 

3. Deuteron-induced reactions. Deuterons are perhaps the most 
effective of the positively charged particles. Becau.^e of a compara¬ 
tively large mass defect, the deuteron is inherently energetic. Fur¬ 
ther increases in energy may be supplied by cyclotron acceleration. 
Although barrier effects pernjit perhaps only one deuteron in 10® to 
enter a nucleus, the availability of the deuteron in a measure overcomes 
this difficulty. A {d,p) reaction amounts essentially to capture of a 
neutron from the deuteron and is thus similar to a simple (n.y) reac¬ 
tion. It is believed that in this reaction the deuteron is broken up 
outside the target nucleus, with only the neutron then entering. 
This explanation was first given by Oppenheimer and Phillips.*®® 
Hence such a process is referred to as an Oppenheimer-Phillips (0-P) 
process. Certain (d,n) reactions, notably xH(d,n)jHe, 3Be{d,n)*5B, 
”C(d,n)»N, are excellent neutron sources. 

4. Gamma-induced reactions. Gamma and 'x-radiation are ex¬ 
tremely inefficient in effecting nuclear transformations. The reaction 
4^e(7,7i)®Be is an excellent neutron source. Nuclei are sometimes 
energiMd by gamma radiation, energy loss by isomeric transition then 
occurring. An example is “|In( 7 , 7 )*J|In, the product showing a 
4.1-hour gamma activity. 

5. Neutron-induced reactions. In the absence of coulombic repul¬ 
sions, neutron reactions are dependent only upon the energy of the 

ombarding particle and the cross section of the nucleus in question. 

and W. L. Davidson: Applied Nuclear Physics, 2nd Ed. John 
WJey and Sons, New York (1951). 

R. WUliams, Jr.: J. Chem. Education, 23, 423 (1946). 

J. R. Oppenheimer and M. Phillips, Phys. Rev., 46, 500 (1986). 
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Probability of collision is enhanced by use of thermal neutrons, i.e., 
neutrons which have been slowed by passage through a moderator 
such as graphite or heavy water. All elements except helium (specifi¬ 
cally, jHe) have been transmuted by neutron bombardment. 

Until recently, neutron reactions have been limited by the lack of 
larger neutron sources. Since neutrons have no independent existence, 
they must always result from other nuclear reactions. With the 
development of the chain-reacting pile, an unlimited neutron source 
has become available, and large-scale neutron-induced reactions are 
now carried out in routine fashion. 

Simple neutron capture, (n,y), is an effective means of increasing 
the mass number of an atomic species and, through consequent 
increase in neutron to proton ratio, of producing (i~ active radio¬ 
isotopes. Many isotopes now available from the Oak Ridge National 
Laboratory result in this fashion. Neutron capture can occur only if 
neutrons of comparatively low energy content are employed. 

Perhaps the most interesting of the neutron reactions are those 
resulting in fission. Shortly after the discovery of the neutron. Fermi 
found neutron bombardments to be followed by /S'* activ'ity in many 
cases. Since decay increiises nucleaf charge, Fermi rea.soned that 
neutron bombardment of uranium might lead to transuranium ele¬ 
ments. When uranium was so bombarded, four 0- activities, which 
could be assigned to no element in the region Z = 80-92, were found.*^* 
Since part of the activity concentrated with manganese, added as a 
carrier and recovered, it was concluded that a congener of manganese 
with charge 93 had been produced. Further studies suggested the 
presence of elements of even higher atomic numbers.'®’ Extended 
studies by Hahn. Meitner, and Strussmann'®- indicated at least nine 
different beta activities in the products, and elements with charges 
through 07 were necessary to account for them. However, that all 
.such products should have arisen by stepwise beta decay of uranium 
after neutron capture seemed unlikely because of the improbability of 
.such instability as a result of the ab.sorption of a single neutron. 

The true explanation was narrowly missed by Curie and Savitch,'®' 
who found among the reaction products a material of 3.5-hour activity 
which was precipitated with a lanthanum carrier, but they concluded 
it to be an actinium isotope. Subsequent events have shown that the 
material was in reality a lanthanum isotope. 

E. Fcrrni, E. Ainaldi, 0. D’Agostino, F. Rasetti, and E. Segr^: Proc. Roy. 
Soc. {London), A146, 483 (J934). 

‘®* 0. Hahn, b. Meitner, and F. Slrassmann: Ber., 70B, 1374 (1937). 

I. Curie and F. Savitch: Compt. rend., 206, 906, 1643 (1938). 
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■ Ultimate simplification of the perplexing array of “J', 

the neutron bombardment of uranium was provided by Hahn and 
Strassmann Materials precipitating with barium and lanthanum 
fo^L earners were found and assumed at first to - m, 

actinium isotopes, even though no alpha em.ss.ons which might yield 
such isotopes were noted. Subsequent tests narrowed one set of 
activities to either barium or radium isotopes. Accordingly, barium 
and mesothorium-I (a radium isotope) were added and the mixture 
fractionated. The activity in question concentrated with barium and 
was thus due to a barium isotope. Subsequently, lanthanum was 
also clearly identified as well as isotopc.s of strontium, yttrium, an 
inert gas (Xe or Kr), and an alkali metal {Cs or Ub). Meitner con¬ 
cluded that neutron capture was followed by the c(>mpletc rupture of 

the uranium nucleus. . xt- . « i 

Nuclear fission was announced in the United States by Niels Bohr 

in an impromptu statement before the American Philosophical Society. 
Its nature was verified almost immediately in a number of laboratories, 
and a number of reports concerning it appeared in 1939. Ihe veil of 
secrecy which was soon placed over further investigations was lifted 
only in 1945 with the announcement of the bombings of Hiroshima and 
Nagasaki and the publication of the Smyth Report,^'' Prior to this 
account, only a few scattered reviews had appeared. 

The fission process can be pictured conveniently in terms of the 
“liquid-drop" approach of Bohr and Wheeler.*" Attractive forces 
within a nucleus may be regarded as causing that nucleus to assume a 
spherical shape, in much the same fashion as do the cohesive forces 
within a drop of liquid, whereas repulsive forces may promote elonga¬ 
tion of the “droplet.” Nuclear stability may then be expected when 
the attractive forces counterbalance the repulsive. As nuclear charge 
increases, the repulsive forces increase, and it has been calculated 
that nuclei with charges in excess of perhaps 100 would elongate and 
spontaneously subdivide into smaller nuclei. Each nucleus possesses 
a critical energy which must be exceeded before such elongation an<i 
subdivision can occur. If this energy is not too large, excitation 
resulting from neutron capture may be sufficient for elongation and 
fission. Thermal neutrons impart sufficient energy to fission nuclei 
such as “jU and ’jJPu, but high-energy neutrons are required for 

“*0. Hahn and F. Strassmann: Naturwissenschaften, 27, 11, 89 (1939), 

‘«0. R. Frisch: Ann. Reports, 36, 7 (1939); 37, 7 (1940). 

‘®*L. A. Turner: Reva. Modem Phys., 12, 1 (1940). 

K. K. Darrow: Bell System Tech. J., 19, 267 (1940). 

N. Bohr and J. A. Wheeler: Phys, Rev., 68, 426 (1939). 
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”oTh. Fission in natural uranium is due to the 

236-isotope. 

Subsequent studies under auspices of the Manhattan District have 
demonstrated the presence of a variety of lighter elements in the 
products of the neutron-induced fission of As shown by the 

fission yield curve given in Figure 214, isotopes with mass numbers 



Mass number 

Fig. 2*14. Yields in slow neutron fission of ‘{JU. 


ca. 72 to 162 result, maximum yields being at mass numbers 95 and 
139 and a minimum yield at 117. Maximum fission yields are, there¬ 
fore, in the charge regions of roughly 40 to 42 and 56 to 58. Because 
of neutron excesses, many fission products are ^ active. 

Primary interest in nuclear fission has centered in the tremendous 
release of energy which accompanies it. The summed-up masses of 

PluUmium Projfd, J. M. Siegel (Ed.): J. Am. Chem. Sor., 88, 2411 (1946). 
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the fission products and the 1 to 3 neutrons* accompanying each 
fission are always somewhat less than those of the original uranium 
and the bombarding neutron. The resulting energy equivalent of 
the mass loss is some 200 Mev per gram atom of most of this 
energy appearing as kinetic energy of the products. Even in the 
early stages of investigation, the possibUity of a self-perpetuating 
chain reaction maintained by product neutrons was considered as a 



Fio. 2-15« Schematic representation of chain process in nuclear fission. 


•ouroa of unbelievably large amounts of energy. Its attainment and 
control must be regarded as one of the outstanding technical advance¬ 
ments of all time. 

Probability considerations show that a self-sustaining ch^ reaction 
can occur only if the total mass of the fissionable material is such that 
product neutrons may be absorbed and thus serve as ignitor neutrons 
for subsequent fissions. The exact magnitude of this “critical mass’* 
IS still a closely guarded secret. When it is exceeded, chain propaga¬ 
tion occurs in an expanding fashion and with extreme rapidity in 
much the fashion shown in Figure 2T5 and, in the absence of any 

* Declassified information indicatee that on the average 2.6 ± 0.1 neutrons 
result for every atom of uranium-236 undergoing thermal neutron fission. 
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other neutron absorbers, results in an explosion. In the presence of an 
ethcicnt neutron absorber such as caclmiiim, chain propagation can 
be so controlled that the number of neutrons builds up to some con¬ 
stant level without increasing indeliiutely. A controlled chain reaction 
is thus achieved, as in the chain-reacting piles. The applications and 
implications of e\plosi\e lission are sufficiently well known to retiuire 
no further discus.sion. 

I’se of the 23.3-isotope of uranium is complicated by need for 
separating it from its admixture with the more prevalent 238-isotope 
{pp. 38-52). Fortunately, absorbs slow neutrons to begin the 
decay chain 


239! • 
92 ' 


--- mPu 

23.Sii>. 2.3 <1. 


the product being fissionable. The separation of plutonium 

from uranium should present fewer difficultie.s than the separation 
of the uranium isotopes, although a major difficulty would lie in pro¬ 
ducing plutonium in sizable quantity. 

The neutron-induced fission of the 235-isotope in natural uranium 
was employed succe.s.'^fully to provide neutrons for the jiroduction of 
plutonium in the chain-reacting pile.^* Itods of pure uranium metal 
encased in aluminum cans are arranged in a predetermined lattice 
fashion in a neutron moderator such as graphite (or deuterium oxide). 
By a suitable arrangement and the inclusion of cadmium absorbers, a 
sufficient neutron level is maintained to permit absorption of extra 
neutrons by ’|fU. Periodic removal of the uranium slugs, followed by 
chemical separation, leads to recovery of plutonium. The Hanford 
plant at Richland, Washington, is typical of such an installation. 

Only a few of the aspects of fission have been presented. T he 
tremendous radioactivities resulting from fission make the large-scale 
process hazardous even when controlled. Every precaution must be 
taken by workers who deal with these materials. Chain-reacting 
piles generate much thermal energy and must be cooled. Use of 
energy transferred through a coolant for power is being explored. 
Piles are also tremendous neutron sources and are used as such for the 

production of radioisotopes in quantity. 

Essentially as a result of investigations involving fis.sion and related 
subjects, a new phase of chemical physics dealing with nuclear 
processes has been developed. This is called aptly nucleonics. It 
must be pointed out also that the chemistry of the transuranium ele- 

r Daniels: Chem. Eng. hews, 24, 1514 (1946). 
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„,ents is associated irrevocably with nuclear More informa- 

tiou on these materials is presented later (pp. 104, 891 90 ). 


Applications of induced radioactivity 

Many uses of synthetic radioisotopes m addition to those indicated 
above are possible. Certain of these have been summarized by Sea- 
borir."* Many depend upon the imlieator or tracer properties of 
radioisotopes. Studies on reaction mechanisms, behaviors of rnatenals 
ia small concentrations, efficiencies of analytical separations, diffusion 
processes, and metabolism among both plants and animals (especially 
those involving 'JO are of this type. The medicinal use of radioiso¬ 
topes in the treatment of malignancies and technical application of 
gamma radiation in radiography represent other uses, depending upon 
specific characteristics. 

Of extreme interest are investigations of the chemistries of new 
elements in terms of their synthetic radioisotopes. The extreme sensi¬ 
tivities of methods of detecting radioactivity make such studies po.s-_ 
sible even though the materials are present in subweighable (e.g., 
10“* gram) quantities. Thus the chemistry of element 43 (tech¬ 
netium) has been elucidated*'*-through use of several isotopes 
produced by the reaction 42 Mo(d,n)* 4 jTc. Similarly, the chemistry 
of element 85 (astatine) has been studied"* by use of a 7.5-hour isotope 
produced by the reaction *8sBi(a,2n)“8[At. The chemistries of the 
transuranium elements (pp. 891-901) were determined in like 
fashion before the elements were isolated in weighable quantities. 
These are exemplified by studies on Information on element 

61 has been obtained from the fission-produced 147-isotope.*" 
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CHAPTER 3 


The Extranuclear Structures 
of the Atoms 

All modern theory of atomic structure is based upon the nuclear 
atom of Rutherford (p. 11). Although the fundamental concept 
of extranuclear electrons has been retained, many modifications of 
Rutherford’s original views as to their positions and behaviors have 
been made necessary by various experimental observations, lo 
account for the fact that these electrons do not in time fall into the 
positively charged nucleus as a result of purely electrostatic attraction, 
Rutherford was forced to postulate their extremely rapid motion 
about the nucleus with the resultant centrifugal force exactly balanc¬ 
ing the inward attractive force. Such a situation would be formally 
analogous to that involving revolution of the planets about a central 
'f sun, but it differs in the important respect that within the atom the 
particles involved bear opposite electrical charges. As a consequence, 

, regardless of the rapidity with which the electron moved, it would 
\always be accelerated toward the nucleus and should, therefore, 
uescribe a spiral path of steadily decreasing curvature until eventually 
it entered the nucleus. In this process, the electron would lose energy 
\ continuously, and this energy should appear as continuous radiation 
without any sharp breaks. That such a process dQes_not occur and 
that radi ^nn Amit.tpd by atoms is discontinuous, as is evidenced by 
the ap pearance of definite spe c^trall ines, are, of cours e, well known. 

It was to overcome such difficulties that Bohr proposed his theory of 
the structure of the hydrogen atom in 1913. Since Bohr’s theory and 
subsequent modifications of it are based upon Planck’s quantum theory 
and the interpretation of atomic spectra, a brief consideration of these 
two items should serve as a suitable preface to further discussions. 

Prior to 1900, it had been assumed quite generally that although 
radiation emitted from a perfect radiator (i.e., a so-called black body) 
is not uniform, it must be radiated continuously. In 1900, however, 
Planck reached the important conclusion that radiation can neither 
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he emitted nor absorbed continuously but rather only in defmite 
quantities which are multiples of some fundamental factor, namely, 
the frequency* characteristic of the material in question. Thus 
radiant energy could be thought of as being highly discontinuous and 
made up of definite numbers of units which Planck termed quanta. 
This fundamental postulate forms the basis of the so-called quantum 
(hfory, which has been so helpful in giving new interpretation and 
understanding to physics and chemistry and which has permitted more 
complete characterizations of particles of atomic dimensions which do 
not obey the classical laws which are applicable to macroscopic 
particles. According to Planck, the energy {E) of the quantum 
amounts to 

E = hv (31) 


where v is the frequency of the radiator (or absorber) and h is o. uni¬ 
versal action constant, known as Planck’s constant, with the dimen¬ 
sions of energy multiplied by time (numerically G.C24 X 10“*’ erg-sec.). 

Radiant energy is commonly encountered as it is manifested in 
spectra of various types. Whereas x-ray spectra have been discussed 
already (pp. 12-I4) as related to the innermost electrons within 
atoms, the longer wavelength optical spectra of the ultraviolet, visible, 
and infrared regions are most commonly employed in describing the 
extranuclear electrons since they are related to the outermost elec¬ 
trons. Such spectra arise when gases or vapors of chemical substances 
are heated to elevated temperatures, commonly by means of electric 
sparks or arcs, although occasionally even by the Bunsen flame. 
When resolved by means of a suitable grating or prism in a spectro¬ 
scope, such spectra amount to series of lines of well-defined wave¬ 
lengths or frequencies. The positions which these lines occupy in the 
recorded spectrum correspond, in terms of Planck’s theory, to definite 
energy changes, and the.se energy changes iti turn corrc.spond to certain 
transitions of electrons among various positions in the extranuclear 
arrangements. Atomic spectra are normally exceedingly complex 
because, under the conditions employed to excite spectra, lines due not 
only to neutral atoms but to the various positive ions produced by 
loss of electrons from the neutral atoms are all pre.sent together. 


• Radiation is often charortcrired in terms of its wavelength (X) The ratio of 
the velocity of light (c) to the wavelength gives the freqnenry (0 of the radiation, 
which, if the units are correctly cl.osen, might be regarded as ihc number of vibra¬ 
tions per unit of time (usually the second). The simple reciprocal o the wave¬ 
length gives another eharacteristic called the wave number (^), i.e., the number 
of wavelengths per unit length (usunlly the centimeter). 



Ch,S 


81 


The Bohr Theory of the Hydrogen Atom 


However, careful analyses of these patterns are of invaluable assistance 
in elucidating electronic configurations. 


the BOHR THEORY OF THE HYDROGEN ATOM 

The optical spectrum of hydrogen, the simplest of elements, con- 
sUts of several series of lines which are described as to spectral region as 


Lyman series 
Balmer series 
Paschen series 
Brackett series 
Pfund series 


ultraviolet 

visible 

near infrared 
far infrared 
far infrared 


The wavelengths (X) of the lines characterizing the Lyman, Balmer, 
and Paschen series had been shown some years before Bohr's proposals 
were advanced to be determined by the more or less empirical relation 



where X is the wavelength; P is the wave number; ni and nt are integers, 
with nt being larger than ni; and Ru is a constant known aa the Ryd¬ 
berg constant and having the value 109,737.303 cm."* Lines in the 
more recently discovered Brackett and Pfund series are related to the 
same expression, and each series is characterized by a particular value 
for ni. The optical spectra of other elements are similar as regards 
series of lines, but they are vastly more complex because of the larger 
numbers of electrons present and the resultant increases in numbers 
of possible electronic transitions. 

In 1913, Bohr* proposed an interpretation of the spectrum of hydro¬ 
gen based upon the concept that the electron in the hydrogen atom 
always described a circular orbit about the nucleus but that the 
electron might be found in any one of a limited number of these orbits. 
Such orbits, named atationary ataUa by Bohr, may be thought of in 
the pictorial sense as difiering from each other in radius. They have 
the same significance as the energy levels of modern parlance. Accord¬ 
ing to Bohr, the number of such orbits or states is limited by the condi¬ 
tion that the angular momentum* of the electron in its path about the 
nucleus must always be an integral multiple of h/2r. This amounts to 
quantization of the angular momentum, and in Bohr’s time it repre¬ 
sented a new concept offered without essential support. More 

*^N. Bohr; Phil. Mag. (61, 26, 1, 476, 867 (1913). 

•The momentum of an electron moving in eoroe orbit can be reaolved into two 
vectorial factors, one along the radius and the other at right angles. The latter 
is referred to as the angular momentum of the electron. 
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recent work, however, has shown that the momentum of a particle 
of mass m moving in a circular path of radius r and at a constant 
velocity c is given by mvr. It follows, therefore, that the possible 
Bohr orbits are determined by 

mvr = n ^ (3-3) 


where n is an integer, termed a quantum number, characterizing the 
orbit. Since r increases with n in this expression, values of n should 
then indicate the order of the orbits of increasing size from the nucleus 
out. ■ 

Equally fundamental was Bohr’s further postulate that as long as 
the electron remains in a given orbit it neither radiates nor absorbs 
energy. As already indicated, this view was in direct opposition to 
the concepts of classical theory. Movement of the electron from one 
orbit to another, however, was considered to involve the absorption 
or the emission of a defiihte quantity of energy, depending upon 
whether the electron moved from a lower state to a higher or vice 
versa. This energy is manifested as ra<liation. The frequency of 
.such radiation, and therefore the position of any spectral line which it 
might produce if it were emitted, was then related to the energies of 
the electron in the two orbits, Ei and Ei, as 

Ex = hv (3-4) 


According to Bohr, therefore, lines in the.spectrum of hydrogen 
result from the dropping of electrons excited to higher stationary states 
or orbits back to lower, less energetic states. Each line was ascribed 
to a transfer of the electron from an orbit of some n value to an orbit 
of some lower n value. Using this concept, Bohr was able to account 
for the observed wavelengths of the lines in the Lyman, Balmer, and 
Paschen series by assigning ni values (Equation 3-2) of 1, 2, and 3, 
respectively, to these series. Later extensions to include ni values of 
4 and 5 permit equally good interpretations of the Brackett and Pfund 

series* 

Thus lines in the five spectral series for hydrogen arise from the 


transitions 


Lyman 

from n = 2, 3, 4 • 

• • to n = 1 

Balmer 

from « = 3, 4, 5 • 

• • to n = 2 

Paschen 

from 71 = 4, 5, G • 

• • to 71 = 3 

Brackett 

from n = 5, 0, 7 • 

• • to 71 = 4 

Pfund 

from n = 6, 7 

• • to n = 5 
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These relationships are shown diagrammatically in Figure 31, where 
the circles represent the permitted orbits in their approximate positions 
relative to the nucleus and the arrows the characteristic electronic 

transitions. . ^ , , i • • 

The success achieved by the fundamental Bohr theory m explaining 

the origin and significance of the hydrogen spectrum prompted its 


Lyman series 


n*l 


Balmer series 


Paschen series 


Bracket! senes 


Pfund senes 


Fia. 3*1. Diagrammatic representation of the origin of the hydrogen spectrum. 


extenmon to other systems. Although*it achieved some success in 
accounting for the spectra of such hydrogen-like species as single 
ionized helium (He+), doubly ionized lithium (Li"*"*), and triply ionized 
beryllium (Be"*"*), it failed completely when applied on a quantitative 
ba^ to materials containing more than a single electron. 

This lack of applicability is traceable to the attempt of the Bohr 
theory to depict extranuclear structures pictorially rather than to any 
fundamental error in conceiving of electrons as occupying certain 
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energy states (orbits) relative to the nucleus. The properties of the 
electron were inadequately described through its characterization 
only in terms of the quantum number rti, or the size of the orbit. The 
t ^ c^f knowing 'Exactly both the position of the orbit and the 
velocity of theelectron within it (Heisenberg’s principle of uncertainty) 
renders the Bohr description of these orbits inexact. However, despite 
its weaknesses, the Bohr theory olTered the necessary basis for later 
and more comprehensive treatments concerning e.xtranuclear elec¬ 
tronic distributions ami as such must be regarded as a major contribu¬ 
tion to both physics and chemi.stry. It provided for the first time a 
successful correlation of four of the basic constants of natural science, 
namely, the velocity of light (c). the electronic mass (m), the electronic 
charge (e), and the action constant (h). It is altogether fitting that 
Bohr's work was recognized through the Nobel Award. 

THE SO.M.MERFELD EXTENSION OF THE BOHR THEORY 

•Although the Bohr theory accounted for the positions of the lines in 
the optical spectrum of hydrogen, it did not account for the splitting of 
the.se lines into groups of finer lines (i.e., fine structure) when spectro- 
.scopes of higher resolving powers were employed. It was to account 
for such fine structure that Sommerfeld modified the Bohr theory to 
include elliptical electron orbits as well as circular.* 

The idea of elliptical orbits may be developed as follows: An electron 
revolving about a central, positively charged nucleus will be so dis¬ 
turbed in its path by that nuclear charge as to move in an elliptical 
path with the nucleus at one focus. In such an elliptical orbit, the 
major and minor axes will of course be difTercnt in length, but, as the 
orbit broadens, they will approach each other and become equal when 
the orbit becomes circular. Thus the circular orbit is only a special 
case of the elliptical. The angular momentum of the electron in an 
elliptical orbit will be quantized and will thus have a limited number 
of values which are multiplies of A/2x. These values, according to 
Sommerfeld, may amount to kh^ 2t, where k is an integer known as the 
azimuthal quantum number. 

The orbit designation n, as used by Bohr and now referred to as the 
principal quantum number, and k are related as 

n _ length of majo r axis 
k length of minor axis 

from which it is apparent that for any given value of n except 1, k 
may have more than a single value. When k and n are equal, a circular 

» A. Sommerfeld: P/ivs. Z., X7, 491 (1916); Ann. Phy$ik [4], 61, 1 (1916). 
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orbit results, but as k becomes smaller and smaller with respect to n, 
elUptical orbits of greater and greater eccentricites develop, lo 
illustrate, the fourth Bohr orbit (n = 4) would be subdivided into 
four orbits of increasing eccentricities as characterised by k values of 
4 3 2, and 1. These orbits are shown diagrammatically in Figure 
3-2, the notation m, expressed numerically, being used to describe 
them or, perhaps more exactly, the electrons occupying them. 



Fig. 3*2. Sommerfeld orbits where n = 4. 


The velocity of an electron moving in an elliptical orbit will be 
greatest when the electron approaches closest to the nucleus and least 
when it is farthest removed from the nucleus. This variability in 
velocity coupled with a relativity effect of change in mass with change 
in velocity will result in a net displacement of the orbit each time the 
electron moves through it. As a result, the entire orbit will move, or 
precess, around the nucleus. This precessional movement will result 
in small energy differences, depending on the position of the orbit, and 
will be reflected as fine structure in the spectrum. The explanation of 
this phenomenon in the hydrogen spectrum is a notable achievement of 
Sommerfeld’s modification. 

Perhaps the greatest single contribution of the Sommerfeld concept, 
however, lies in its subdivision of the original Bohr stationary states 
into several substates or levels of slightly differing energies as charac¬ 
terised by differences in orbit shapes. This is the basis of modern 
concepts of electronic configurations. Inherent also in the idea of 
elliptical orbits is the concept of penetrating orbits. That (crtain 
electrons may penetrate closer to the nucleus than others is of impor¬ 
tance in accounting for differences in their properties and in the prop¬ 
erties of atoms or ions dependent upon their presence^ Like the Bohr 
theory, the Sommerfeld extension does not apply with mathematical 
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exactness to atoms containing more than a single electron. It is useful, 
however, in giving qualitative pictures of the structures of the more 
complicated atoms. Perhaps its major fault is the inaccurate values 
for angular momentum which it gives. This is referred to later. 

ELECTKO.MC DISTRIIJLTIONS IN ATOMS IN TERMS OF THE 

BOHR-SOMMEKFELD THEORY 

.\cceptance of the nuclear atom was tantamount to ascribing the 
chemical characteristics of the atom to its electronic structure. In 
191b. botli Cl. X. Lewis^ and W. Kosscl^ independently suggested that 
the chemical inactivities of the inert gas elements miglit be ascribed to 
the presence of completed electronic shells or groups in their atoms. 
Since the inert gas atoms, except helium, contain eiglit electrons in 
their outermost arrangement.?, explanations of the chemical character¬ 
istics of other elements in terms of the tendencies of their atoms to 
approach this “rule of eight” developed. As a consequence and 
because of the cubic models used by Lewis to illustrate the combining 
capacities of atoms, many references have been made to the Lewis 
theory of the atom. Actually, neither Lewis nor Kossel offered any 
new concept of atomic structure beyond the fundamental ideas of 
Bohr and Sommerfeld. They were interested in the chemical charac¬ 
teristics of atoms, and any models which they may have used were only 
valence models which emphasized the importances of certain electronic 
groups (pp. 173-174). 

The concept of completed electronic groupings among atoms of the 
inert gas elements was extended by Langmuir* to the first compre¬ 
hensive picture of electronic arrangements. Since the atomic numbers 
of the inert gases are, respectively, 2, 10, 18, 3C, 54, and 86, these 
numbers of electrons were taken as representing completions of the 
various electronic levels. The net capacities of individual levels for 
electrons were then obtained by subtracting from each total the num¬ 
ber of electrons in the preceding inert gas. These capacities amount 
to 2. 8, 8, 18, 18, 32, and represent, of course, the numbers of elements 
in the various horizontal series of the periodic classification (p. 122). 
Langmuir conceived of the building up of the structures of elements 
with increasing atomic number as amounting to the successive filling 
of these groups to completion. By this means, he was able to ascribe 
similar electronic configurations to elements of similar properties, but 
his assumption that a new electron must always enter an incompletcd 

> G. X. Uwia: J. Atn. Ckem. Soc., 38, 762 (1916). 

* W. KosscI: Anft. Physik [4|, 49, 220 (1916). 

• I. Langmuir: J. Affi. Chem, Soc., 41, 868, 1543 (1919). 
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group and could not enter a new group until other groups were com¬ 
pleted was not in accordance with observed fact. As a consequence, 
the Langmuir theory did not reflect electronic arrangements with 
complete accuracy. Furthermore, to account for stabilities in struc¬ 
tures in the vicinities of nickel, palladium, and platinum, some rather 
unlikely arrangements had to be proposed. 

In a measure, some of the difficulties inherent in the Langmuir 
approach were resolved by Bury's postulation* that the maximum 
numbers of electrons in the various shells are 2, 8, 18, 32. According 
to Bury, the outermost shell in an atom can contain no more than eight 
electrons, and no shell can contain more than eight electrons unless 
another shell farther removed from the nucleus is being formed. This 
concept permitted logical explanations for the configurations of the 
transition and inner transition elements in terms of the phenomenon 
of inner building, i.e., the filling up of inner electronic levels, while the 
outermost ones remain constant (pp. 103-106). This is admirably 
illustrated in the lanthanide or rare earth series. Langmuir would 
have depicted the configuration of the lanthanum (Z = 57) atom as 2, 
8, 8,18, 18, 3, whereas Bury gave it the arrangement 2, 8, 18, 18, 9, 2. 
The Bury concept thus predicted that the lanthanide series should 
end with element 71; the unmodified Langmuir approach extended this 
series through element 72. Discovery of element 72 in association 
with sirconium and its characterization as a congener of zirconium’ 
may be cited in support of Bury’s ideas. The filling of electron shells 
in terms of the Bury approach may be illustrated by the inert gas atom 
configurations given in Table 3-1. Electron shells in this table are 


TABLE 31 

Elkctbonic Confioubationb op Inebt Gas Atoms 

Number of Electrons 


Symbol Atomic Number, Z K L 
He 2 2 

Ne 10 2 8 

A 18 2 8 

Kr 36 28 

Xe 64 2 8 

Ra 86 2 8 


M N 0 


8 

18 

18 

18 


8 

18 

32 


8 

18 


8 


deagnated in order K, L, M, N, etc., as they become farther and 
larther removed from the nucleus (p. 12). 

Further spectroscopic studies led Bohr to almost the same conclu- 
on relative to the budding up of electronic groups' and suggested 

»n Soc , 48, 1602 (1921). 
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that electrons in the second, third, and fourth levels be subdivided, 
respectively, as 4. 4; 6, 6, 6; and 8, 8, 8, 8. This concept of subdivision 
of main electronic groups inherent in the Sommerfeld ideas was placed 
upon a sound basis in 1924, when both Stoner* and Main Smith** 
arri\ed at the correct distributions of electrons within the various 
groups as being 2 (for n = 1); 2, 2. 4 (n = 2); 2, 2, 4, 4, 6 (n = 3); 
and 2. 2. 4, 4, 6, 6, 8 (a = 4). However, their results were based 
upon nothing more than logical extensions of the Bohr-aommerfeld 
theory, although by that time everyone was agreed that this theory 
applied rigidly only to atoms containing but a single electron. The 
configurations of the inert gas elements as written by Main Smith are 
instructive in indicating how the electronic arrangements he proposed 
were described in terms of the quantum numbers n and k. These con¬ 
figurations'® are given in Table 3-2. 

TABLE 3 2 

Main Smith Notation for Inert Gas Atom Confiouhations 

l-'lectronic Dislributioo 




n 1 

2 

3 

4 

5 

6 

Symbol 

Atomic .Number, Z 

k 1 

112 

11223 

1122334 

11223 

1122 

He 

2 

2 






NV 

10 

2 

224 





A 

18 

2 

224 

224 




Kr 

36 

2 

224 

22446 

224 



Xe 

54 

2 

224 

22446 

22446 

224 


Rn 

86 

2 

224 

22446 

2244668 

22446 

224 


QUANTUM DESIGNATIONS FOR ELECTRONS 

The concept of electrons revolving about atomic nuclei in orbits of 
limited and well-defined shapes, which characterizes the Bohr-Som- 
merfeld treatment of extranuclear structure, can be regarded as no 
more than a rough pictorial view. Modern concepts based upon wave 
mechanics are concerned primarily with the comparative densities of 
electronic charges at given points within the atom and have probability 
as their basis. Since even in terms of this view, electrons \vill tend 
to group themselves in certain series of positions relative to the nucleus, 
it is convenient to think of the electrons as occupying energy levelft 
with respect to the nucleus. The Bohr orbits may, therefore, be con¬ 
sidered equivalent to energy regions in which the probability of elec¬ 
tron occupancy is high. Such energy levels may be regarded as dis¬ 
crete in character, and electronic transitions are permitted only 

• E. C. Stoner: Phil. Mag. (61, 4S, 719 (1924). 

*®J. D. Main Smith: Chem. & Ind., 43, 323 (1924). See also Chemittry and 
Atomic Structure, Ch. XII, XIII, XIV, Ernest Benn, Ltd., Ixmdon (1924). 
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between these levels. These transitions account for spectral lines, and, 
as with the Bohr theory, the relative positions of these spectral lines 
permit descriptions of the properties of the electrons. 

Electrons are best described in terms of four so-called quanlum 
numbera. Two of these numbers may be thought of in much the same 
sense as those described in the preceding section. Two others are 
added to permit more detailed and precise interpretations of atomic 
spectra. By use of these four quantum numbers, the electrons which 
make up a given atom may be characterized completely, and a more 
exact understanding of the characteristics of the atom as determined 
by its electronic arrangement or configuration may be obtained. 

If the electr ons are considered as occupying a number of energy 
levels, these levels may be distinguished from each other in terms of 
values of the ‘principal quantum number n. The exact significance of 
n may be determined from the relation 





(3-6) 



where W represents the energy of the electron in a particular level of 
a hydrogendike atom, Z the total number of electrons (i.e., atomic 
number), e the electronic charge, ft the mass, and h Planck’s constant. 
Although in terms of the older concepts, n might be regarded as the 
ordinal number of the particular orbit in which the electron is found, 
it must now be thought of as indicating only the position of the energy 
level with respect to the nucleus. Crudely, this amounts to a designa¬ 
tion of the mean distance of the electron from the nucleus since, for 
example, electrons of principal quantum number 2 will be more ener¬ 
getic and thus, on the average, farther from the nucleus than those of 
principal quantum number 1. The principal quantum number may 
have any integer value from unity to infinity, an infinite value cor- 
responfhng, of course, to the complete removal of the electron from 
the atom and the production of a positive ion. For convenience, the 
energy levels may still be regarded as electron shells and the older shell 
notation employed. We have then n = 1 for the K shell, n = 2 for 
the L shell, n = 3 for the M shell, and so on. 

Although the general energy positions of the electrons are described 
by the principal quantum numbers, these'alone do not account for all 
the spectral lines. To account for all, it is necessary to describe more 
clearly the energies of individual electrons through the use of other 
quantum numbers. That part of the energy due to orbital motion 
a out the nucleus is described by the subsidiary or aximiUhal quanlum 
number I, the magnitude of which is a measure of the orbital angular 
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momentum of the electron. Orbital angular momentum again has no 
true meaning in terms of non-€xistent orbits but may be thought of as 
a vector quantity 


hy/Kl + 1) 

2t 


(3-7) 


If the Bohr-Sommerfeld orbits were real representations of electron 
paths, their shapes or eccentricities would be expressed in terms of 
values of 1. The values which I may have embrace n values from zero 
to n — 1. Thus the electrons in each principal energy or quantum 
level may be regarded as being distributed through n subsidiary levels. 
Although electrons may be described in terms of numerical values for 
I, custom dictates the use of equivalent letter designations, the first 
four of which come from the old spectral terras, sharp, principal, 
diffuse, and fundamental. Thus electrons for which I = 0 are named 
5 electrons; for / = 1, p electrons; for I ~ 2, d electrons; and for I = 3, 
/ electrons. For larger I values, the letters g, h, etc., are employed, 
although in actual considerations of known neutral atoms only «, p, 
d, and / electrons are involved. A wave function associated with the 
orbital motion of an electron is referred to as an orbital. It is cus¬ 
tomary to refer to s, p, d, and / orbitals in describing the configurations 
and properties of atoms. 

The observed splitting of certain spectral lines when the source 
which emits them is placed in a magnetic field (Zeeman effect) neces¬ 
sitates a further refinement in electronic designations. Under the 
influence of the magnetic field, the vector quantity describing the 
orbital angular momentum undergoes a precessional movement and 
describes a cone about an axis in the direction of the magnetic field. 
The possible positions which this vector may assume in space are 
limited, and the magnitude of its component in the direction of the 
magnetic field is given in term.s of the magnetic quantum number mj by 
the expression 

- (i) 

The magnetic quantum number may have any integral value and zero 
from ~l to there being 2^ + 1 possible orientations in space of 
the angular momentum vector. Thus, for an e electron, 1 = 0 and 
mt = 0: for a p electron, I = 1 and mj = — 1, 0, +1; for a d electron, 
i = 2 and m, = -2, -1,0, +1, +2; and for an/electron, i = 3 and 
_ _ 3 ^ _2, -1, 0, +1, +2, +3. Positive values of mi describe 
orbital angular momentum components in the direction of the applied 
field; negative values refer to components in the opposite direction. 
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One other characteristic of electrons requires description, namely 
their spin or rotation about their own axes. Because of its spin, each 
electron has an added angular momentum amounting to 

(3-9) 

where the spin s is given by H- Iri an applied magnetic field, there¬ 
fore, the vector representing this spin momentum can also orient 
itself so that its component m, (the spin quantum number) is either in 
the direction of the field or opposed to it, that is, has a value of either 

a more utilitarian fashion, this amounts to saying 
that for each possible combination of the other three quantum numbers 
(n, I, mi), two electrons differing from each other only in spin are 
possible. Or, putting it another way, two electrons differing in spin 
may exist for each value of mi. Each orbital may accommodate such a 
pair of electrons. 

The electrons within any atom may be discussed in terms of the 
magnitudes to the four quantum numbers. It is an observed fact, 
however, that no two electrons within the same atom can have the 
same values for the four quantum numbers. This generalization is 
known as the Pauli exclusion principle and is tantamount to a state¬ 
ment that each electron differs from every other electron in a given 
atom in its total energy. The smallest such difference will, of course, 

be between two electrons which differ from each other in spin alone. 

$ 

Electrons within a given quantum level 

The total number of electrons within a given quantum level and the 
distribution of these electrons as governed by the permitted values of 
the subsidiary quantum number I may be determined by evaluation of 
the various quantum numbers and application of the Pauli exclusion 
principle. Thus for the K shell, the principal quantum number n 
equals one, and I can, of necessity, have only a zero value. The mag¬ 
netic quantum number mi must also be zero, indicating the possibility 
of but a single orbital, and application of the idea of electron spin as 
embodied in the spin quantum number m, shows the presence of a 
maximum of two electrons. These electrons are of the s type. In a 
similar fashion, it can be shown that the maximum numbers of elec¬ 
trons possible in the L, M, 0, etc., shells are, respectively, 8, 18, 
32, 60, etc. Determination of these values and the corresponding 
electron distributions are summarized in Table 3-3. 
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Shell 

K 

L 

M 


N 



n 

1 

2 

3 

4 

6 


TABLE 3-3 

Distribution ok Electrons among the Quantum Levelb 


1 



Number of Electrons 


f/ii 

Distributed 

Total 

0(«) 


0 

2 

2 

0(«) 


0 

2 

8 

l(p) 


+ 1.0. -1 

6 


0(*) 


0 

2 

18 

l(p) 


+ 1.0, -1 

6 


2(d) 

+2, 

+ 1.0. -1, -2 

10 


0(«) 


0 

2 

32 

Up) 


+ 1.0. -1 

6 


2(d) 

+2. 

+ 1.0, -1, -2 

10 


3(/) 

+3. +2. 

+ 1,0, -1. -2, -3 

14 


0(«) 


0 

2 

50 

1(P) 


+ 1.0. -1 

6 


2(d) 

+2. 

+ 1,0, -1, -2 

10 


3(/) 

+3. +2, +1,0, -1, -2, -3 

14 


4(p) 

+4, +3. +2. 

+ 1.0, -1, -2, -3, -4 

18 



Electronic configurations of atoms of the elements 

The electronic configurations of atoms of the various elements are 
conveniently expressed in terms of the quantum numbers. It is 
customary to refer to the various electrons in terms of the notation 



where n is expressed numerically as 1, 2, 3, 4, etc., I is expressed as its 
equivalent letter value s, p, d, f, etc., and x is expressed numerically as 
the number of electrons present in the orbital or orbitals characterized 
by 1. If all the electronic levels of the atom are designated in this 
fashion, a summation of the x values represents the atomic number Z. 

In arriving at the electronic configurations of atoms of the various 
elements, it is convenient to consider the positions which electrons 
would take if these atoms were built up in order, beginning with hydro¬ 
gen, by the successive addition of individual electrons with correspond¬ 
ing increases in balancing nuclear charges. In terms of such an 
approach, each new electron, as it enters, will tend to occupy the 
available orbital of lowest en^gy, and addition to higher energy 
orbitals will be expected only after lower orbitals have been filled to 
capacity. The electronic configuration of each atom may then be 
expressed in terms of those orbitals (designated by the foregoing 
notation) which are occupied either partially or completely. These 
are arranged in order of increasing values of the principal quantum 
number. The result represents the configuration of the atom in its 
lowest energy or ground state. 
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One other point is of importance. AVhen electrons enter a level of 
fixed n and I values, available orbitals are occupied singly until each 
orbital is so occupied before any electron pairing occurs." This is 
known as the principle of maximum multiplicity. It is of no conse¬ 
quence among a orbitals because the second electron must always and 
of necessity pair with the first. Among the p, d, and / orbitals, how¬ 
ever, the concept is of importance, particularly as it is useful in 
accounting for the presence of unpaired electrons and of properties 
dependent upon them (pp. 166-167). Thus, to use an example, the 
electronic configuration of the phosphorus atom, although usually 
written l5*2322p«3s=3p>, is actually ls*2s^2p*3s’3p‘3p'3p‘, with three 
unpmred electrons in the 3p level. The chemical characteristics of 
phosphorus and its compounds are in accord with this arrangement 
(pp. 558-559). For convenience, Pauling" has suggested separate 
designations of the various orbitals in a given level, np,, np„, np,, etc. 

Knowledge of the exact order in which atomic orbitals are occupied 
is based upon interpretations of atomic spectra in terms of how lines of 
particular wavelengths result from permitted electronic transitions. 
Such interpretations are complicated by the complexities of the 
spectral patterns among the elements and by the overlaps occurring 
among systems of the same general type. These situations are 
particularly acute among the complicated atoms of the heavier ele¬ 
ments. Although the exact order of occupancy is well established 
among the lighter elements, it is not known with complete certainty 
for all the heaviest elements. Furthermore, among the higher quan¬ 
tum levels, energies associated with orbitals of different I values are 
very nearly the same. As a consequence, it is difficult to say that one 
orbital will always be occupied before another of nearly the same 
energy. Exact agreement among published summaries is not found 
for materials in this region. 

Although it is impossible to depict the energy levels exa,ctly, an 
approximate representation is given by an energy level diagram of the 
type used by Pauling" and others."-" Such a diagram, modified 
somewhat in the region of higher principal quantum numbers in the 
light of later observations, is given in Figure 3-3. Each subsidiary 
quantum level is designated by a horizontal line indicating a relative 
energy content on the vertical energy scale, and each available orbital 
(i.e., space for two electrons) is indicated by a small circle. Levels of 

**L. Pauling: The Nature of the Chemical Bond, 2iid Ed., pp. 25-26. Cornell 
Univeraity Press, Ithaca, N. Y. (1940). 

!! w Education, 16, 580 (1941). 

W. F. Luder: /. Chem. Education, 20, 24 (1943). 
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approximately the same energy content are connected by vertical 
lines at the right of the diagram. Such arrangements are called 
valence shells. Their relation to the chemical behaviors of the ele- 



Fio. 3-3. Energy level diagram for atomic orbitals. (Adapted with some modi¬ 
fications from T. H. Hazlehurst: J. Chem. Education, 18, 580 (1941).) 

ments is considered later (Ch. 6). In general, electrons may be 
expected to occupy the orbitals in order as they appear, beginning at 
the bottom of the diagram, each set of orbitals (of given n and 1) being 
filled before electrons enter the next set. 

Strictly speaking, such is not the case. The arrangement given in 
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C/i. 3 Electronic Configurations of Atoms 

Fieure 3-3 characteri*es elements of low atomic numbers only. M 
atomic number increases, the relative energies of many of the leve s 
change somewhat, but not all change to the same degree. The result 
is a slightly altered arrangement for elements of high atomic numbers. 




1 * — - 

Z'~20 Z-90 

Atomic number, Z 

Fig. 3*4. Variations in energy levels with atomic number. 

These changes are shown very completely and comprehensively in 
the graphs presented by DeVault** and, more schematically, although 
none the less effectively, in the diagram given by Herzberg.^* The 
general details of the Herzberg diagram are given in Figure 3*4. 
»‘D. DeVault: J. Chem. Education, 21, 526, 675 (1944). 

“G. Hersberg: Atomic Spedra and Atomic Structure, p. 148. Dover Publi¬ 
cations, New York (1944). 
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Although the p levels are influenced somewhat, their relative position¬ 
ing remains unchanged. On the other hand, the d and/levels change 
rather profoundly. Thus, at low atomic numbers (Z < 20), the 3d 
orbitals lie above the 4s. However, increase in atomic number effects 
a reversal of this order and permits occupancy of the 3d orbitals. 
Actually, this occurs at Z = 21 and is responsible for the appearance 
of the first transition series (p. 103). A edmiliar situation character¬ 
izes the 4d level and permits a second transition series at Z = 39. 
When the 5d level is reached, the same thing occurs at Z = 57, but 
immediately (at Z = 58) the rapidly dropping 4/ level appears and 
falls below the 5d. The first inner transition series (p. 103) appears 
here. Presumably, the same thing occurs in the vicinity of Z = 89-91. 

In the absence of detailed energy level data, the orders in which 
orbitals are occupied can be closely approximated. Wiswesser** 
pointed out that the order is determined by increasing values of n + 1 
(more specifically n 1 — 1/(1 1). Dependence on n -f 1 was 

also emphasized by Ta,*’ and Carroll and Lehrman** pointed out that 
an added electron will always enter the level with lowest n + I value 
or, if two levels of the same n I value are available, that wth the 
lower n value. This may be illustrated by two simple examples. For 
atoms of elements up through argon (Z = 18), no real choice of orbitals 
is involved. With potassium (Z = 19), the next electron might enter 
the 3d or the 4« level. For the 3d, n = 3 and I = 2, giving n -1-1 = 
for the 45 , n = 4 and I = 0, giving n + 1 = 4. The extra electron in 
potassium, therefore, enters the 45 level, as does the next electron 
characterizing calcium. With scandium (Z = 21), the choice is 3d 
or 4p. Calculation shows n f to be 5 for both; so the electron goes 
to the level of lower n value, namely, the 3d. The order is thus: 

U252p353p453d4p554d5p6s4/5d6p755/Gd7p85. 

Various mnemonic devices which reflect this dependence on n 1 
and which serve as good approximations in arriving at electronic con¬ 
figurations have appeared.That given in Figure 3*5, which is 
similar to these, is as useful as any. Orbitals are occupied in the order 
in which they are struck by the series of parallel diagonal lines. An 
exception is found where a single 5d electron is added before any 4/ 
orbitals are occupied, the remainder of the 5d electrons then appearing 

»* W J. Wiflwcsser: J. Chtm. Educalion, 32, 314 (1945). 

» Y. Ta: Ann. phys. (121, 1. 88 (1949). 

'» B. Carroll and A. Lehrman: J. Chem. Education, 86, 662 (1948). 

*» Pao-Fang Yi: J. Chcm. Education, 24 , 667 (1947). 

«L. M. Simmons: J. Chem. Education, 26, 698 (1948). 
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after completion of the 4/ level. In a parallel fashion, one or more 6rf 

electrons should appear before any of the 5/ type. ... , 

The electronic configurations of the neutral atoms in their ground 
states are summarized in Table 3-4. Discrepancies between recorded 



Fia. 3*5. Order of occupancy of atomic orbitals. 


configurations and those deduced in the light of the above considera¬ 
tions are not numerous and occur only when the energy levels involved 
approach each other very closely. Such situations are without sig¬ 
nificant effects upon overaU chemical behavior. Hence, in the 
absence of specific information as to the exact configuration of a given 
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atom, a oonfiRuration deduced as outlined al)ove is generally acceptable 
and useful. It will he noted that for elements in the region Z = 91-98 
configurations involving / electrons have been given. E\idence in 
support of this usage appears later in thischapter (pp. 104-105). 


I'yftes of elements hitsed upon electronic configurations of their 
atoms 

In tiTins of similarities and dilTerences in electronic configurations, 
four c.»M'ntially dilTerent types of atoms may be distinguished in 
Tal)le 3-4. Tor purpo.ses of cla.ssification and discussion, elements 
characterized by atoms of these types may be grouped as inert gas 
elements, rt presi ntatire (hments, transition elements, and inner transi¬ 
tion elements. Although the detailed characteristics of each of these 
groups of elements will be di.scussed in Part 11 of this book, some 
general distinctions may be outlined briefly. 

Inert Gns Elements. Elements of this type are characterized by 
atoms in which all Kub>idiary (juantum levels that are present* are 
filled to capacity. Except for helium, where the configuration is 
each atom of this type has in its level of maximum principal 
quantum number (n) the arrangement ns^np^. The inert gas ele¬ 
ments ha\'e, in elTe<*t, completed electronic groups and may be regarded 
as the end memlier.s of series of elements in which the individual 
fpiantum groups are being filled, dheir inertness toward chemical 
reactions may be ascribed to this fact. The inert gas elements 
embrace helium, neon, argon, krypton, xenon, and radon (including 
actinon and thoron). 

Representative. ElrmnUs. Elements of this type are characterized 
by atoms in which the levels of maximum principal quantum number 
arc incompletely filled, all underlying levels present being filled to 
capacity. This type of configuration is somewhat broader in scope 
than that characterizing the inert gas elemenis and embraces, in a 
given quantum level, anything from ns' tlirough nsVip^ Elements of 
this type include those with atomic numbers from seven less through 
two more than that of a given inert gas element. All the non-metallic 
elements and the metallic elements from Periodic Groups la and Ila 
and the ^-families are classed as representative elements. Since many 
of tlK-^e elemnits arc abundant in nature (Table 2-3), compounds 
containing repre.entative elements are commonly encountered. 'I he 
pro.ximilies of these elements to the inert gas elements and the stalii i- 
lies of the configurutioiis of the atoms of the latter contribute to the 

• Presrnre is «i.«e.l in the .sense of aetunl orrupanry in tho.se disoiis-sions. 
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Types of Elements 

tendencies of the representative elements to react by electron loss or 
gain to achieve inert gas arrangements (pp. 175-178). 

Transition Elements. Elements of this type are characterized by 
atoms in which an inner d level is present but is not filled to capacity. 
Atoms of elements of this type have configurations which in general 
amount to (n - l)^i‘-“ns^ although rigid adherence to two electrons 
in the ns level is not required since examples are known (Table 3 4) 
where the arrangement is or even ns*’. Four transition series 
appear among the elements, corresponding respectively to occupancy 
of 3d, 4d, 5d, and Gd orbitals. All such scries begin with Periodic 
Group Ilia elements, namely, scandium (Z = 21), yttrium (Z = 39), 
lanthanum (Z = 57), and actinium (Z = 89). By definition, the 
first three transition series end at nickel (Z = 28), palladium (Z = 46), 
and platinum (Z = 78), respectively, the fourth series being limited in 
membership only by the number of known elements. In terms of the 
rigid definitions here employed, elements from Periodic Groups Ib 
(copper family) and Ilb (zinc family) are classified as representative 
rather than transition elements. Because of the carry-over in prop¬ 
erties, elements in these families have many characteristics which 
render them quite analogous to the transition elements, and for this 
reason some authors prefer to classify them with the latter elements. 
The exact position which they are given is largely a matter of choice. 

All the transition elements are metals. Although many are rare 
a number are abundant (Table 2 3), and many are common either alone 
(e.g., iron) or in alloys (e.g., manganese, vanadium, tungsten) in 
technical products of strength and durability. Elements of this type 
resemble each other strikingly, particularly in physical characteristics. 
Detailed discussions of their physical and chemical properties in rela¬ 
tion to electronic configurations will be found in later sections of this 
book (pp. 169-170, 868-876). 

Inner Transition Elements. Elements of this type are, strictly 
speaking, transition elements, although they may be so distinguished 
electronically from the regular transition elements as to be literally 
members of transition series within transition series. Hence the term 
tn^r transition. Atoms of elements of the inner transition type con¬ 
tain not only incompletely filled d levels but incompletely filled / 
levels as well. Best-characterized elements of this type are the rare 
earth elements (or lanthanide series elements) in which the distinguish- 
mg electrons occupy the if orbitals. This series begins with cerium 
- 5») ihe electronic configurations given in Table 3-4 are the 
most probably ^ listed by Meggars {loc. cit.) and indicate not only 
absence of bd electrons in the majority of cases but also completion 
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of tiic 4/level at ytterbium (Z = 70). In discussitiR these elements, it 
has been customary to adopt the more approximate general con¬ 
figuration for the series and to consider that a 

regular filling of the 4/ orbitals occurs from cerium (4/*) through 
lutetium (4/'*). There appears to be no real reason for departing 
from this procedure here. By rigid definition, both lanthanum 
{Z = 57, Ap) lutetium (Z = 71, 4/'*) would be excluded from this 
series. However, the similarities in chemical and physical character¬ 
istics existing between these and the other elements commonly justify 
their inclusion. 

The appearance of a second inner transition series among the heavier 
elements has been speculated upon many times in the past.*' Only 
recently, however, has any concrete evidence in support of such con¬ 
tentions been pnalueed. The marked similarities in properties exist¬ 
ing among the transuranium elements (p. 891), the increasing stability 
of the +3 oxidation state with atomic number among these elements, 
apparent similarities to some of the rare earth elements, and complete 
lack of similarities to rhenium, osmium, etc., led Seaborg** to postulate 
that they are members of such a series (called the actinide srrica), 
beginning in the neighborhood of thorium. Ihis implies, of course, 
that thorium, protactinium, and uranium are not electronic congeners 
of hafnium, tantalum, and tungsten, as had been proposed. Detailed 
considerations of the properties of the heavy elements and their com¬ 
pounds in comparison with those of corresponding lanthanide materials 
strongly support the inclusion of these elements in a second inner 
transition series.*’- ** 

Unfortunately, the emi.ssion spectra of the heavy elements (Ih, 
Pa, U, Np, Pu, Am, and presumably Cm, Bk, and Cf) are so complex 
that they have not been completely analyzed. They do bear striking 
resemblances, however, to the omi.ssion spectra of the lighter lanthanide 
elements,*^ suggesting similarities in electronic arrangements. Fairly 
complete arialysis of the emission spectrum of uranium** indicates 
definitely the pre.sence of at lea.st three 5/electrons in the neutral atoms 
and mono-positive ioius. The spectrum of mono-positive americium 
suggests*^ strongly the presence of seven 5/ electron.s. It may he 

*> I,. L. Quill: C’A.m. Keva., 23. 87 (1938). General review. 

** G. T. Soahorg: Chun. Eng. Sene, 23, 2190 (1945). 

G. T. Seaborg: Nucleonics, 6 (No. 5), 16 (1949). 

Z. Szab6: Phys. Rev., 76, 147 (1949). 

F. S. Tomkins and M. Fred; J. Opt. Soc. Am., 39, 357 (1949). 

»C. C. Kie&s, C. J. Humphreys, and D. D. Uun: J. Opt. Sne. .4m,, 36. 3.5^ 

(1940): ./. Research Soil Bur. Slan>!ards, 37, 57 (1946). 
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Fia. 3-6. Classification of elements by electronic configurations. 
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('oncludi'd till'll that the 5/level begins to fill somewhere below uran¬ 
ium in the atomic number sequence. The configurations given in 
Tal>le 3 4 are not necessarily exact but appear to be the most probable 


ones. 

The first 5/electron is shown in this table for protactinium {Z = 91). 
By analogy with the lanthanide series, it might be expected at thorium 
{Z = 90j. In Seaborg's opinion.•' however, whether or not this 
electron appears with thorium is of much less consequence in arriving 
at the series than is the probable presence of seven 5/ electrons in the 
curium {Z = U«)) atom, the formal analog of gadolinium (Z = 64). 
Since the 5/ and (W levels are so nearly identical energetically, shifts 
between these two levels might well lie within the bonds of chemical 
binding energies, and the afipearancc of the 5/ orbitals might be 
delayed further than the appearance of the 4/ level in the first inner 
transition si’ries. In any event, one wouhl depart but little from 
the actual state of affairs in considering that the electronic configura¬ 
tions of atoms of element.s of atomic numbers 90 98 amount to 


'Ihc four type.s of elements distinguished above arc presented in 
summary fashion in Figure 3 6. This diagrammatic representation is 
adapted from the similar one presented originally by Gardner'’* and 
doubtle.ss used by Tuder'* and Itabor’" as a model for their periodic 
tables (pp. T-3. l--'>)- d'he types of element.s are classified in terms of 
the distinguishing outer electronic arrangements in their atoms, with 
the immediately underlying completed shells being given at the 
extreme left. The arrangement is idealistic in that it does not bring 
out the minor variations in orbital occupancy previously discussed, 
but it is useful in bringing together materials of the same general 
types and in <lefining the limits of e.xistence of the various types of 
eiements. In the sense that it lists together elements of similar elec¬ 
tronic conligu rat ions, it may be regarded as a type of periodic table. 


The directional characteristics of atomic orbitals 

It is apparent from the preceding discussions that the various 
orbitals characterizing an atom differ from each other m terms of the 
distance r of the electron from the nucleus. ibis, it will be recalled, 
was a prirnarv eon.<i<ieration of the llohr theory, 'i he orbitals are 
also described' bv their angular di.stribution in space relative to the 


J’G. T. Siutjorg: Siit-iirf. 104, 379 (19-tG) 

R. G;ir>lnc*r; Xfilurf, 126, IIG (1930). 
o W. Lud'-r; J. Chem. Ediiaitton, 20, 21 (1943). 
*® J. A. Babor; J. Chern. Education, 21, 25 (1944). 




108 


The Extranuclear Structures of the Atoms 


Ch. 3 


with the nucleus at the center,*' as shown in Figure 3-7. Designation 
of p orbitals as p,, p„, and p, (p. 93) emphasizes this directional 
character. Because of the fact that orbital angular momentum com¬ 
ponents may lie either in the direction of the applied field or in the 
opposite direction, each orbital of the p type has both positive and 
negative components (Figure 3-7). 

With d orbitals maxima are attained in four directions with each 
orbital, and the orbitals are not mutually equivalent.*' These orbitals, 
may thus be characterized as dj, d„ d^^y, and This situa¬ 

tion is impossible to depict clearly as was done with « and p orbitals, 
but in a general way the d orbitals may be considered as directed i<long 
the slanting edges of a pentagonal pyramid with the nucleus at the 
apex.** With / orbitals, no modular picture is available. 

The directional characteristics of atomic orbitals bear little relation¬ 
ship to the generalized configurations of the atoms but are important 
in describing the chemical bonds which atoms form. 1 his is discussed 
in Chapter 6 (pp. 200 205). Further details will be found in more 
comprehensive treatments.'*- ’'*** 
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CHAPTER 4 


The Periodic Classification 
of the Elements 

Examination of the electronic configurations of the atoms of the 
various elements (pp. 98-101) reveals periodic recurrences of particu¬ 
lar types of configurations as one proceeds regularly through the series 
of atomic numbers. In the light of present knowledge as to the roles 
played by the electronic arrangements in determining the properties 
of the elements, it is, therefore, quite obvious that the elements may 
be arranged in some regular fashion which will reflect resulting periodic 
similarities in properties. Hence it may appear that the periodic 
classification is merely a consequence of investigations of atomic 
structure and is only a convenient means for expressing these results. 
Such is not the case, however, for development of the periodic classifica¬ 
tion preceded the elucidation of modern atomic theory. Indeed, 
periodic classifications derived as results of meticulous observations on 
the properties of the elements and their compounds served as funda¬ 
mental bases for the very evaluations of electronic configurations 
which ultimately supported them and placed them upon sound theo¬ 
retical foundations. 

Because the periodic arrangement is so obvious in the light of our 
present knowledge, some tendencies to overlook its origins and to 
accept it at face value without further inquiry may exist. It is, 
therefore, of importance to examine in roughly chronological order 
some of the more significant developments leading to such a classifica¬ 
tion before attempting to explore modern concepts relating to it. 
The brief summary presented here may be supplemented by reference 
to the numerous comprehensive accounts which are available. 

' f • P- Venable; The Development of the Periodic Law, Chemical Publisbintr Co 
Easton, Pa. (1896). ^ ’ 

*J. D. Main Smith: Chemietry and Atomic Structure, Ch. VI. Ernest Benn 
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SIGMFICANT DKVFl.OPMF.NTS I.EADING TO THE SYSTEMATIC 

CLASSIFICATION OF THE ELEMENTS 

Allhounh it is conceivable that early investigators may have 
attempted to chissify known elements shortly after their discovery and 
recognition as fundamental substances, all modern effort may be 
traced directly or indirectly to the atomic theory proposed by John 
Dalton (p. 5). Dalton’s theory in itself contained nothing relative 
to such a systematic grouping, but it did provoke thought and specula¬ 
tion JUS to whether atoms of the various elements, although apparently 
different in properties, might be composed of the same fundamental 
substance and whether the marked similarities among certain elements 
might be traceable to their atoms. 

'I'he first of these considerations was expressed in Front’s hypothesis 
in 1815 (p. 5), but the second was not elucidated adequately until 
many years later. Fundamental as was Prout's hypothesis, it was 
discredited by experimentally observed deviations of atomic weights 
from whole numbers, and in 1800 the precise atomic weight deter¬ 
minations of Stas lead to its complete abandonment. It has been 
only within recent years that the true significance of this hypothesis 
has been realized (p. 36). 

In 1817 Dobereiner noted that within a group of elements closely 
related to each other in chemical properties atomic weights are either 
nearly the same or else the atomic weight of the middle element is 
approximately the arithmetic mean of those of the other two. ihus 
the atomic weights of iron, cobalt, and nickel are nearly the same, 
whereas in the series chlorine, bromine, and iodine, the mean of the 
atomic weights of chlorine (35) ami iodine (127), i.e., 81, is nearly the 
same as the atomic weight of bromine (80). These fritw/s of Dobereiner 
represent the first reported attempt at classification. 

\ arious modifications of Dobereiner’s ideas appeared in the early 
part of the nineteenth century. In 1850, Fettenkofer suggested that 
among chemically similar elements .sucee.ssive differences in atomic 
weights amount to either some constant or to a multiple of some 
eonstant This is, in fact, a statement that among such elements 
atomic weights can be derived from a modified arithmetical progres- 


N!'(iuanw!ml M- B. Q.mm: Clu-m. Education, 11. 27, 217 288 (1934). 

« li. S. ]Io(*kiiiS; Ctiaplcrs m the. Chemistry of the Uss Familiar hlcments, Ch. L 

Ftinea Publishing Co., Champaign, 111. (1939). 

‘ M. E. Weeks; The. Ihsrorery of the Elements, 4(h Ed., Ch. XXL Journal of 

Chemieal Education, Easton, Pa. (1939). 
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sion involving the lowest atomic weight and multiples of an integer. 
Thus in the series oxygen (16), sulfur (32), selenium (80), and tel¬ 
lurium (128), the difference between the first two is 10 and between 
any other two is 48, or 3 X 10. This general concept is also implicit in 
Cooke’s statement in 1854 that triads were merely parts of sciies, 
the members of each series following 
an algebraic law in increase in atomic 
weight. 

In 1857, Odling arranged the known 
elements into thirteen groups on the 
basis of similarities in chemical and 
physical properties, the members of 
each group being listed in order 
of atomic weights. Although this 
scheme placed the most closely related 
elements together, it showed no rela- 
tionships between atomic weights and J 
chemical characteristics. Odling’sar- | 
rangement most closely resembles ^ 
present-day groupings in qualitative 
analysis, since elements forming com¬ 
pounds of similar solubilities were 
placed together. Although probably 
fundamental in character, such an 
arrangement reflected no periodic¬ 
ity in properties and bore no rela¬ 
tion to later-determined electronic 
configurations. 

The first real periodic classifica- Segment 

tion, in the sense in which the term pio. 4 -]. The Telluric Screw of 
IS now used, was the Telluric Screw do Chftncourtoi.s. 

proposed by de Chancourtois in 1862. 

Using a cylinder as a base, de Chancourtois divided its surface 
into sixteen equal segments (because the atomic weight of oxygen was 
taken as 16) and plotted atomic weights as ordinates on the genetrix. 
Through these atomic weight values, he drew a helix on the surface at 
a 45® angle to the axis. This helix crossed a given genetrix at dis¬ 
tances from the base which were multiples of 16, and elements the 
atomic weights of which differed from each other by sixteen units thus 
fell along the same perpendicular lines. This is apparent in the por¬ 
tion of the Telluric Screw reproduced as a flat surface in Figure 41. 
4 he great similarities existing among elements Ijnng on the same 
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genetrix was apparent to de Chancourtois. In pointing out this 
periodic recurrence of properties, he stated that “properties of sub¬ 
stances are the properties of numbers.” 

Of ecjual importance as a forerunner of modern classifications is the 
arrangement proposed in 1804- 180(5 by Newlands. Newlands noted 
that when the elements were placed in order of increasing atomic 
weights, similarities in chemical and physical properties reappeared 
after each interval of eight elements. Hecause of a fancied resem¬ 
blance to the musical scale. Newlands termed this concept the law of 


octaves. It was received with ridicule. However, its fundamental 
importance was ultimately appreciated and finally recognized by the 
Davy Medal Award in 1887. Specifi<ally. the Newlamls arrange¬ 
ment amounted to seven horizontal series, each containing eight 
members, as is .'^hown in Table 41. Although some marked incon- 


H 

F 

Li 

Na 

Odle) 

Mr 


.\1 

C 

Si 

N 

P 

0 

S 


TAHLK 4 1 


Newi.a* 

'CDs’s Law 

OK OlTAVKS 



a 

Co. Ni 

Hr 

I 

Pt, Ir 

K 

Cu 

Rh 

Cs 

Os 

Cft 

Zn 

Sr 

Ba, V 

Hg 

Cr 


C'e, Ln 

Ta 

Tl 

Ti 

In 

Zr 

W 

Pb 

Mil 

.\s 

Di, Mo 

Nb 

Hi 

Fe 

Se 

Ro(Rh), Ru 

Au 

Th 


sistencies exist in this tabulation because of the discovery of elements 
unknown in N'ewlands’s time and becau.se of inaccuracies in his atomic 
weight data, the arrangement bears a recognizable resemblance to 
those now employed. Indeed, if the table is rcarranpd into vertical 
familie.s and the column beginning with hydrogen is displaced one 
position upward, a striking similarity to the Mendcl^eff table (p. 116) 


is apparent.* 

Final evolution of the periodic cla.ssification came in 1809 as a result 
of the apparently independent efforts of Dimitri Mendel(?efT and Lothar 
Meyer. Mcndel('*etT’s approach to cla.s.sification of the elements was 
based largely on considerations of their chemical properties whereas 
that of bothar Meyer .stres.sed their physical characteristics. Yet 
each developed a tabulation surprisingly similar to that of the other, 
and both emphasized the law of periodicity of properties with atomic 
weight In clarity of presentation and in fundamental understanding 
of the importam-e of this periodicity, of the significances ^ 
even series of elements, and of the transition elements, Mendelceff 
went considerably beyond Lothar Meyer, and as a result the greater 


» \V M. Taylor: J. Clmn. Filurnlion, 26, 401 


nOlO). 


113 


Ck. 4 The Systematic Classification of the Elements 


proportion of the credit due for such a development is usually given to 
him. The publications of Mendol(5clT and Lothar Meyer were com¬ 
municated in March’ and December* of 18()9, respectively. 

As a consequence of periodic variations noted when such properties 
as atomic volume, melting point, boiling point, malleability, etc., 
were plotted against atomic weights, Lothar Meyer arrived at the 
tabulation of the elements reproduced in Figure 4-2. This arrange¬ 
ment of fifty-five elements into groups and subgroups is remarkably 
similar to the Mendel^eff arrangement shown in Figure 4-4. Lothar 
Meyer is probably better remembered for his atomic volume curve 
than for his periodic table because of the importance which atomic 
volumes have played in the development of chemical thought. Cor¬ 
rections in atomic weights and change of emphasis from atomic weight 
to atomic number as the criterion for the position of an element have 
had but little effect in altering the general shape of the curve. The 
complete curve based upon the latest data as given in Chapter 5 
(pp. 130-131) has the same basic appearance and illustrates the same 
points as Lothar Meyer’s original. 

The proposals offered by Mendel4eff merit more detailed considera¬ 
tion because of their importance in influencing subsequent chemical 
progress. The original Mend6eleff table is reproduced in Figure 4'3. 
In subsequent publications, the vertical form of the original table was 
altered to that shown in Figure 4-4, and it is this latter form, modified 
only to the extent of adding a Group 0 to accommodate the inert gas 
elements and of including elements discovered since it was published, 
which has been so common and which still appears in many textbooks 
and reference works. The resemblances between the vertical table 

pven in Figure 4-3 and the “long” forms now in common use should 
be apparent to the reader. 


The breadth of Mendel^eff’s understanding is remarkable in the 
fight of the inaccuracies existent in information available to him. 

IS IS at once apparent from a consideration of the following state¬ 
ments, which are summarized from his early publications.’'* Perio- 
dicty of properties is brought out by the arruugement; ti.e arrange¬ 
ment eorresponds w,th the ™leneies of the elements; the charaeterls- 

weights kno?n " t' '>'“g'>it>Kles of their atomie 

which the elements occupy in the table; elements with very similar 
chemical properties have atomie weights which are nearly the same 

D. Mendcl6cff: Ann., Supplcmcntband VIII, 133 ( 1871 ). 
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(e.g., Os, Ir, and Pt) or which increase regularly (e.g., Li, Na, and K); 
the most widely diffused elements in nature are those with small 
atomic weights. Perhaps even more striking was Mendel^eff’s 
boldness in predicting the existence of elements not yet discovered and 
in summarizing the properties which these elements should possess, 
all on the basis of unoccupied positions in his table. In every case, 
these predictions were verified exactly by subsequent researches. 
Thus his ekaaluminum became the gallium discovered by de Bois- 
baudran in 1875, his ekaboron the scandium discovered by Nilson in 
1879, and his ekasilicon the germanium discovered by Winkler in 1886. 
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Be89.4 
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Zn3 65.2 

Cds 112 



B.n 

A13 27.4 

?368 
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Cal2 
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?-70 

Sns 118 
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P«31 
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Bi3210 


O s 16 
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F*19 
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Na«23 
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Rb3 85.4 
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Ca3 40 
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Pb 3 207 
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7£r 3 56 

La 3 94 
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Fio. 4-3. Mendeldeff’s original table of the elements. 


The comparison of predicted and measured properties for the last of 
these as summarized in Table 4-2 is particularly revealing of Men- 
del^efif’s grasp of the relationships existing among the elements. 

Acceptance of the Mendel^eff classification may be regarded as the 
beginmng of a true renaissance in chemical thought. For the first 
tune variaUons among the properties of the elements and their com- 
.poun^ were fitted into a logical pattern, and it waa no longer neces- 

InT ‘"'•‘"dual completely detached from 

and unrelated to ite neighbors. The bases for all modern develop- 

prono J andT 7 T" Mendel^effs 

proposal, and the developments m atomic structure already discussed 






Fig. 4 -1, Meinlolrcff*:* talilc of 1872. 
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in Chapters 2 and 3 resulted directly or indirectly from consideration 
of the regularities existing among the elements and made apparent by 
the periodic classification. 

Subsequent developments in the classification of the elements 
centered largely in extensions, expansions, and only slight modifica¬ 
tions of the Mendel^ff table with atomic weights as a basis for tabula¬ 
tion. Although such a basis imposed certain difficulties, among 
them the reversed orders in the pairs argon-potassium, cobalt-nickel, 


TABLE 4-2 

CouPARisoN OF Predicted with Measured Properties 


Predicted for Ekasilicon (Es) 
(1871) 

72 
5.5 
13 cc. 

Dirty gray 
0.073 

White EsO, 

Slight 

EsOi with Na 
KtE^F« with Na 
Refractory, sp. gr. 4.7, mol. 
vol. 22 cc. 

B.p. lOO'C., sp. gr. 1.9, mol. 
vol. 113 cc. 

B.p. 160*C., sp. gr. 0.96 


Property 
Atomic weight 
Specific gravity 
Atomic volume 
Color 

Specific heat 
Heating in air 
Action of acids 
Preparation 

Dioxide 

Tetrachloride 


Found for Germanium (Ge) 
(1886) 

72.32 

5.47 (20"C.) 

13.22 cc. 

Grayish white 
0.076 

White GeO, 

None by HCl 
GeO* with C 
K*GeF« with Na 
Refractory, sp. gr. 4.703, 
mol. vol. 22.16 cc. 

B.p. 86®C., sp. gr. 1.887, 


mol. vol. 113.35 cc. 

Tetraethyl derivative B.p. 100®C., sp. gr. < 1,00 


and tellurium-iodine, it was not until Moseley’s development of the 
atomic number concept (p. 12) and subsequent realization that the 
properties of the elements are dependent upon the number and arrange¬ 
ment of the electrons within their atoms that a true basis for syste¬ 
matic arrangement became apparent. The modern periodic system is, 
of course, based upon such a concept, but the steps leading to its 

development have been both interesting and illustrative of the trends 
in chemical thinking. 


BASES OF A PERIODIC CLASSIFICATION 

By its very nature, a periodic system reflects periodic variations in 
properties as a function of some arbitrarily selected base. Originally 
this base was atomic weight since atomic weight was the one property 
Mown at that time which reflected Dalton’s atomic theory The 
f^acy in retaining atomic weight as a base is of course apparent from 
the considerations offered in Chapters 2 and 3, for atomic weight 
being a nuclear property, has but little effect upon chemical charac ter- 
istics. Atomic number, on the other hand, measures the number of 
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olectrons. and. since chomionl and physical properties are ordinarily 
ijoverned hy electrons, tliese properties as well. Tlie energy demands 
relati\e lo the tilling of <iiiantuni levels (^p. 93) of course produce 
periodic reciirn'iices of type conligurations and account for periodicity 
uheti atomic numlx-r is u>ed as a hasi.s. 

If periodicity in properties is a function of electronic configurations 
rather than mass, one may well a>k why a periodic table based upon 
atomic weiiihts could ever have been deviled. I'he answer to this 
lies in the reglllaritie^ in the building up ot atinns of greater and greater 
compliAities already discu.vsed (p. .VJi, As protons arc added 
(iiK'reusing the charge), neutrons must also be a<lded (increasing the 
ma-si in or<ler to produce nuclei of mavimum stabilities. Of course 
the rate of increa.<e in mass is greater than the rate of iiicreaseof charge 
be<-;uise of the increasingly largcu- numliers of neutrons required to 
inqiart stabilities to nuclei contaMiing larger numbers of protons, but 
the two properties change in tlx* aaine direction except in the isolated 
case.s where the e\ce.«>iv'(* abinclaiiccs of heavier isotopes produce 
unim|)ortunt reversds in average atomic wciglits. It is apparent, 
therefore, that atomic vvciglil ami numlicr bases lead to the same 
re.sult. 

Since the periodic sv.*'h-m i^ a ridlection of variations in properties, 
It is of intere>t to note what pr(-|)erties do show such variations. It is 
a|)parent from the preceding di.scus.sion tliat only those characteristics 
vvhicli are related to the actual orranyement of the electrons can vary 
periodically with atomic miinliers. Properties which depend only on 
the total numlxr of electrons can show no such variations. The vast 
majority of the chemieal and physical properties are dependent upon 
electronic configurations, ami only comparatively few, such as x-ray 
spectra (p. are dependent upon numbers of electrons alone. 

.\rnong the properties which are periodic in character are atomic 
volume, atomic radius, ionic radius, ionization potential, electron 
aflinity, electronegativity, .standard oxidation potential of the free 
element, oxidation state or immber, ion mobility, melting point, 
boiling point, compressibility, optical spectrum, magnetic behavior 
heat of formation of a given compound type, parachor, hardness, and 
refractive index. Certain of these are considered in detail in subse¬ 
quent chapters The comprehensive di.scus.sion given by Harkins 
and Hall‘“ may be consulted with profit in this connection. 

One may well wonder whether any predictions as to the magnitudes 
of perioflic variations can be made. In terms of our present state of 
i.m.wledge. it is manifestly impo.ssible for one to make exact prcdic- 

>0 W. ]) llarkiiix atrl U, K. MnH- J I”'- CArw. 5or.. 38, 10'.) (1016). 
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Bases of a Periodic Classification 

tions as to such magnitudes, but it is possil>le to approach them rather 
closely. In an extremely interesting and searching article, Hsueh 
and Chiang*^ consider any periodic property to consist of two factors, 
one a periodic factor determining the periodicity and the other an 
amplitude factor causing numerical change in the property within a 
given family of elements. The periodicity factor is, in turn, a func¬ 
tion of valency or outermost electronic configuration, and the ampli¬ 
tude factor is a function of energy state and atomic radius. The 
periodicity function may be either a maximum at the center of a 
period or a minimum at the center. Periodic properties of the increas¬ 
ing class embrace atomic frequency, melting point, boiling point, etc., 
whereas those of the decreasing class are atomic volume, atomic radius, 
atomic parachor, etc. Correspondingly, the amplitude function 
may amount to either parallel or cro.ssing combination, that is, the 
amplitudes for the sixteen periodic families may simultaneously 
increase or decrease or they may change in reverse order for positive 
and negative elements. Properties involving parallel combination are 
such ones as atomic volume, atomic radius, ionic radius, and ioniza¬ 
tion potentials, whereas those involving crossing combination arc 
such ones as melting point, boiling point, and hardness. Periodic 
properties may therefore be classified, according to Hsueh and Chiang, 
into the four general types: parallel amplitude, increasing periodicity; 
parallel amplitude, decreasing periodicity; crossing amplitude, increas¬ 
ing periodicity; and crossing amplitude, decreasing periodicity. 

By combining periodicity and amplitude functions, Hsueh and 
Chiang derive a property equation 

P^k^lfvdzJ (4.1) 

from which the numerical magnitude of a property P is related to the 
atomic number Z of the element in question in terms of valence V, 
a function of the periodic factor 7 , the principal quantum number n, 
and two parameters a and 0, which are constants for a given family of 
elements but different for different families. By means of this equa¬ 
tion and a consideration of the types of periodic properties already 
mentioned, theoretical variations in properties are evaluated and 
found to be in reasonably good agreement with observed variations. 
Certainly curves plotted from theoretical values so calculated against 

atomic number agree closely with similar ones drawn from measured 
values. 

(i93“''arE„S 


r 
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ESSKM IALS OF A PFKIOPIC CLASSIFICATION 

Altlu'ugh the Monileleeff arrangement served well and contributed 
to nuiny signiticiuit tlevelopments, il:s geometry impo>ed many weak- 
nes>es and ?o-cal!ed defects, and a number of changes designed to 
eircunnent the>e ihttimilties have been p^opo^ed. 'I'he major objec¬ 
tion otVered to the MeiideleetT tabulation centers in the inability of 
that arrangeineiil to reflect the electronic configurations of the atoms of 
the elements. Inconsi.'.tences in oxidation stale predictions, marked 
ditferences in the properties of elements placed in the same group 
(eg.. Mil vs. C'l, or Na vs. Cu), dissimilarities between subgroups 
within a gi\en group in general, incompleteness in the separation of 
metals from non-metals, and inconsistencies in the grouping of mate¬ 
rials giving colorless and diamagnetic ions as opposed to those giving 
c()lore<l and paramagnetic ions all depend upon the absence of exact 
electronic configuration relatioii-'hips. Difficulties in the inclusion of 
hydrogen, the lanthanides and actinides, and the transition elements 
as a group stem from the same source. Much discussion has been 
devoted to tho.'.e “ defects ’ and to suggestions for remedying them.**- ** 

The ideal periodic arrangement, therefore, should be one based 
upon electronic coiihguratums. It should be of such form that not 
only are the.'c configurations shown clearly and correctly but also the 
'■ha^acteri^lics of the elements whicli arc dependent upon these con¬ 
figurations are presented with equal clarity. Although it is mani¬ 
festly ea.sy to record electronic configurations concisely and correctly, 
It IS equally difficult to devi>e a geometrical figure which will satisfy 
both the criteria listed with equal e.xactness. Xaturally, geometrical 
arrangements which are planar are preferred because they are easily 
visualized from a printed page or chart; so a further limitation as to 
dimension is also imposed. Any working modification of the Men- 
delcefT chart must embrace these principles. 

MODKRN TRENDS IN PERIODIC CLASSIFICATION 

The literature is replete with suggested (and discarded) modifica¬ 
tions of the Meiidelceff periodic table. *^ In fact so many modifica¬ 
tions have appeared that one is tempted to conclude that practically 
every author has his own concept of what a workable arrangement 

E. W. Zmaczyiiski: J. Chem. Eduration, 14 , 232 (1937). 

I* W. F. Luder: J. Chrm. Education, 20, 21 (1943). 

‘«G N Quam and M. B. Quam: J. Chfin. Education. 11, 27, 217, 288 (193 ). 
Also innumerable references subsequent to 1934, particularly in the Journal of 

'^hcmical Education. 
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must be. Unfortunately, the majority of the tabulations proposed 
are either unwieldy or utterly worthless, and only a few valuable sug¬ 
gestions have been made. Geometry does not permit of an arrange¬ 
ment which is sufficiently ideal to serve all the required purposes 
equally well. Thus the many three-dimensional models, embracing 
globes, helices, cones, prisms, castles, etc., are interesting but lacking 
in utility. To a lesser extent, the more involved two-dimensional 
arrangements do little toward solving the difficulty, and essentially 
the only suggestions as to modifications which are truly constructive 
are those centering in reflection of electronic configurations. 

Certainly the most useful of these modifications, and at the same 
time one of the earliest to be proposed, is the so-called long or Bohr 
table, a modern version of which is given in Figure 4-5. Properly 
speaking, the term “long” is preferred because, although the table as 
constructed reflects the Bohr theory of electronic arrangements, it 
was not devised as such by Bohr himself. In fact, so many people 
have contributed to its development that no single person can or 
should receive sole credit. The table was used in simple form by 
Rang in 1893 and by Werner in 1905 and has since been championed 
by Bury and many others. 

Mechanically, the long form is derived from the original Mendeleeff 
form by merely extending each of the long periods and breaking the 
short periods to accommodate the transition series in the rbng periods. 
When this is done, electronic arrangements are then reflected since, 
as one proceeds from left to right, electrons are added successively 
and a regular order is preserved. Placing the inert gas elements at 
the extreme right then gives a logical completion for each series of s 
and p electrons. Furthermore, a logical separation of subgroufi^ is 
also effected, and the elements found in any vertical column in this 
tabulation are true analogs of each other. 

The advantages of the “long” form are legion.** Not only does it 
relate the position of an element to the electronic arrangement in its 
atoms, but it also reflects similarities, differences, and trends in 
chemical properties more clearly than its predecessor. It is an easy 
chart to remember and to reproduce. It avoids the erroneous inter¬ 
pretations often resulting from the Mendeleeff system. In short, it 
provides a clearer means of correlating the mass of information which 
h« accumulated about the elements and their compounds. Frequent 
reference to the “long” form is made in subsequent chapters of this 

book, and the discussions of properties in Chapters 5 and 6 illustrate 
rts applications. 

“L. S. Foster: J. Chem. Education, 16, 409 (1939), 
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Fig. 4-5. Conventional long form of the periodic system. 
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In spite of its usefulness, the "long" form of the periodic table is 
not free from defect.'* It suffers from its inability to reflect exact 
distribution of electrons among all the orbitals (s, p, d, f, etc.). It 
suggests no absolutely clean-cut position for hydrogen. It is mechan¬ 
ically incapable, as drawn, of including elements of the inner transition 
type. In Figure 4-5, the last two of these difficulties have been only 
incompletely resolved. Hydrogen is placed with both the alkali 
metals (Group la) and the halogens (Group Vllb), a dual positioning 
which reflects both its ability to lose an electron and its electronic 
structure as being one electron short of an inert gas arrangement. 
The inner transition elements are placed in two series (lanthanide and 
actinide) at the bottom of the table, the elements lanthanum and 
actinium being given places as analogs of scandium and yttrium in 
the sixth and seventh periods. Admittedly, these are unsatisfactory 
compromises. 

Certain proposed modifications of the long form which are designed 
to overcome at least some of these difficulties may be mentioned. 
For example, Luder'* has described in detail what amounts to a modern 
extension of Gardner’s chart (Figure 3-6, p. 105). In such an arrange¬ 
ment, the position given an element is determined by the quantum 
position assumed by the electroi\ which distinguishes that element 
from the element of atomic number one unit less. This electron Luder 
calls the " differentiating " electron. In effect, such a procedure groups 
like elements together by its emphasis upon electronic configurations, 
but in its original form it does so at the expense of preserving a sequence 
of atomic numbers. By means of a slight rearrangement, amounting 
only to writing symbols for elements beyond the third period on more 
than a single line, Babor'* has resolved this difficulty. The Luder- 
Babor chart in its final form approximates the Gardner arrangement 
mentioned above. It is debatable whether such a chart is really a 
periodic table in the strict sense of the word. Its major advantages 
embrace separation of the elements into types and inclusion in a 
logical fashion of the inner transition elements. 

In a measure, the "long” form may be expanded by merely spread¬ 
ing the elements out to accomplish the same end. This has been done 
in a variety of ways, for example, in the conical chart of Zmaezynski'* 
and the triangular chart of Wagner and Booth. It is obvious that 
two-dimensional geometry seriously hampers this sort of approach 
and that only a limited number of useful arrangements of this type 
could ever be practical. 


'•J. A. 
" H. A. 


Babor: J. Chem. Education, 21, 25 (1944). - 
Wagner and H. S. Booth: J. Chem. Education, 22, 128 (1945). 
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C/i. i Conventions in Periodic Classifications 

An unconventional and even more extensive effort toward solving 
the problem of electronic configurations has been made by Simmons.*^ 
In effect, the Simmons arrangement, as reproduced in composite form 
in Figure 4*6, amounts to a reversed Gardner-Luder-Babor arrange¬ 
ment, vith the metals of Group Ila occupying the end positions at 
the extreme right in accordance with the completion of ns orbitals. 
Such a tabulation is advantageous in that the atomic number sequence 
is preserved and that elements of like structures and properties are 
grouped together. Its advantages are largely those of the Luder- 
Babor arrangement, and its disadvantages are largely those imposed 
by the unusual reversed order. It is, however, quite useful in pre¬ 
dicting the electronic configurations of the atoms of almost any 
chosen element. 

The reader will recognize that in none of these cases has the exact 
order of electronic arrangements (Table 3-4, p. 98) been reflected. 
This is of course due to the closeness with which the various quantum 
sublevels approach each other among the heavier elements and to the 
fact that the energies of such levels do not decrease in an exactly 
parallel fashion as atomic numbers increase. Thus irregular con¬ 
figurations which no arrangement can predict or accomodate arise. 
In the last analysis, this seems unimportant since the small differences 
in energy which cause these irregularities are insufficient to alter the 
characteristics of the elements (p. 97). Surely positioning of the 
element to indicate its relationship to its immediate neighbors is of 
greater significance, and to this end there seems to be but little reason 
for utilizing the involved modifications mentioned above in preference 
to the simpler “long" form. As Wiswesser points out, arguments 
relative to ideal arrangements are inconclusive.** 

CONVENTIONS RELATIVE TO PERIODIC CLASSIFICATIONS 

For many years, it has been customary to divide the elements into 
nine periodic groups and to subdivide all these groups except 0 (the 
inert gas group) and VIII (the ferrous and platinum metal group) into 
subgroups or families. The families have ordinarily been designated 
M “A" and “B.” A certain lack of consistency in the designation of 
A and B families characterizes all except those in Groups I and II. 
Certain authorities have preferred to extend the A families through 
the transition series to Group VIII and then include all elements after 
Group VIII in a given period in the B families. Others have preferred 
to place the transition, copper group, and zinc group elements in B 

**L. M. Simmons: J. Chem. Edueaiion, 24, 588 (1947); 25, 658 (1948). 

*• W. J. Wiswesser: J. Chem. Education, 22, 314 (1945). 
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families ami all others in A families. The first of these conventions is 
the more wiilely accepted an<l is the one followed in this liook.. Actu¬ 
ally what one does in this connection is of but little real importance, 
for one should use more preci.*ie family designations than family num¬ 
bers when discussing the elements, 

Hy common agreement, periodic arrangements are broken up into 
horizontal periods. Each period is characterized by a principal 
quantum numl)er which describes the s and p levels filled when that 
period is completed with an inert gas element. Thus, in the second 
period, the 2s and 2p orbitals are completely occupied, in the third 
period, the 3s and 3p. and so on. The older term series was applied to 
the .short Mendel^*efT form, short and long series being used to dis¬ 
tinguish between 8-element and 18- or 32-element arrangements. 

IN CONCU'SION 

It will be obvious that no attempt has been made in this chapter to 
discuss comprehen.sively the wide variety of periodic tables which have 
been de.scribed, The attempt has been, on the contrary, to present 
.something of the mechanics and bases of the periodic classification and 
to indicate its general utility. Specific applications and illustrations 
of what can be done with the tal)le will be fouiul in subsequent chapters. 
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CHAPTER 5 


Characteristics Dependent upon 
the Extranuclear Structures 

L General 

The chemical characteristics of the elements and their compounds, 
and in a large measure the physical characteristics as well, are deter¬ 
mined by the extranuclear structures of the atoms and ions from which 
they are derived. More specifically, these characteristics are deter¬ 
mined largely by the electrons in the highest quantum levels (i.e., 
the “outermost’* electrons) since electrons in lower (“underlying ) 
levels ordinarily are not directly involved and exert no more than 
modifying effects. It follows then that a particular set of properties 
will characterize all elements (or compounds), the atoms (ions or 
molecules) of which possess a given type of electronic arrangement. 
While this is true in substance, it is not true in exact detail. Admit¬ 
tedly, the characteristics of pure substances of similar electronic 
arrangements are closely parallel, but there are significant differences 
and variations in properties which require explanation on other bases. 

Although a complete understanding of all such deviations and 
variations is desirable, information of such a comprehensive nature is 
beyond the scope of this presentation. There are, however, certain 
factors such as size relationships, attraction for and repulsion of elec¬ 
trons, and magnetic behaviors which can be approached with profit in 
providing a foundation for such an understanding. It is the purpose 
of this chapter to discuss such topics. In subsequent chapters, the 
utilities of the concepts developed will be considered in some detail. 

SIZE RELATIONSHIPS 

An inevitable consequence of the development of the atomic theory 
was the assignment of sizes to atomic and ionic particles. The early 
view that such particles be considered as rigid spheres in contact with 
each other in solid substances led logi&Uy to the concept that each 
particle has a definite volume, diameter, and radius. On this basis, 
it was then possible to develop systematic crystal chemistry and to 
relate many properties to differences in the sizes of such rigid spheres. 
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This concept still has great utility, although, in the light of present 
knowledge, it is apparently a pictorial concept which is far from exact. 
As shown in Chapter 3 (pp. 88-91), it is impossible to represent the 
electronic cloud characterizing an atom or ion accurately in terms of 
any model because of the continuously varying intensity of the cloud. 
However, it is true that the average electron density in such a cloud 
reaches maximum values at rather definite distances from the nucleus. 
These distances, which correspond to the positions of the principal 
quantum levels, are apparent in radial distribution curves of the type 
included in Figure 51.^ The concept of distance from the nucleus is 
then a rather real one, and, if one considers the electron cloud about an 
atomic or ionic particle as a sphere of influence, one may readily 
develop the idea of an atomic or ionic radius as a means of expressing 
the size of such a sphere. Indeed, he may even extend this concept 
to the development of crystal models in terms of balls of various 
relative sizes. Yet it must be recognized that such an approach 
carries some element of artificiality, and it cannot, therefore, be 
expected to provide adequate answers for all problems which may arise. 

Because of the presence of fluctuating electron clouds and because 
of the influences which external conditions have upon the intensities 
of such clouds, atomic and ionic dimensions will vary with both 
environment and method of measurement. Among the factors upon 
which such dimensions depend are the following:* 

1. Multiplicity of the bond, i.e., whether the bond is single, double, 
or triple, if covalent in character. 

2. Relative amounts of covalent and ionic bonding. 

3. Oxidation numbers of the materials concerned. 

^ 4. The number of neighbors with which the particle under con¬ 
sideration is associated. 

5- Repulsion of particles not directly bonded to each other. 

^ It is apparent that any combination of these factors may produce 
significant size variations. Although such variations are numerically 
small, they are of considerable relative importance. 

Atomic and molecular volumes 

^ Certainly one of the earliest approaches to assignment of sizes lay 
in t e concept of atomic and inolecular^^(dume8. By definition, the 
^ ^ given by the ratio of ^&jA atomic weight to density 

an t e molecular volume by the ratio of gram molecular (or formula) 

t ?' Rtv., 29, 1 (1927). 

A. Campbell: J. Chem. Bducatum, 2S, 525 (1946). 
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Fio. 5-2 (CorUinued). 


Atomic volume, cc. 
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weight to density. Results are thus expres.scd in cubic centimeters or 
milliliters, but. in order that they may be strictly comparable for a 
series of materials, cojulitions under which densities are measured 
must also be comparable. It is apparent that atomic and molecular 
volumes represent volumes occupied by ca. 6 X 10-* atoms and ca. 
6 X 10** molecules, respectively. In a rough way, then, they are 
indicative of the relative volumes of individual atoms or molecules, 
although the variability of packing in solid and liquid materials does 
not permit calculation of the volumes of single particles by simple 
division. 

Although the older literature places considerable emphasis upon the 
determination and application of these quantities, modern trends 
have been toward the more fundamental concepts of atomic and ionic 
radii. The classic use of atomic volumes by Lothar Meyer in estab¬ 
lishing a periodic system has been discussed already (p. 113). These 
periodic variations in magnitude are apparent in Figure 5-2. Molecu¬ 
lar volumes (perhaps better formula volumes since many compounds so 
characterized in the literature are actually ionic) of isomorphous series 
of compounds have been very useful in evaluating the radii of com¬ 
ponent materials. For series of covalent compounds (see Chapter 6 
for a discu.ssion of covalent and ionic bonding), molecular volumes 
inav often be correlated with melting points, boiling points, and other 
physical constants. This is of particular importance in organic chemis¬ 
try. In their general applications, atomic and molecular volumes may 
be considered as closely parallel to covalent and ionic radii. 

.'Ifomic and covalent radii 

It is manifestly impossible to isolate an individual atomic particle 
and determine for it a size or radius which will correctly describe that 
particle when it is associated with others of like or different natures in a 
bulk of material. Any determination of atomic radius, therefore, 
must be based upon the particle in its natural environment in a free 
element or covalently bonded material. There is every indication that 
the sizes of free atoms and those obtained for the same materials in 
purely covalent compounds are identical. As a consequence, the 
terms atomic radius and covalent radius may be used synonomously. 
This practice is followed throughout the remainder of this book. 

The methods of x-ray, electron, and neutron diffraction and of band 
spectro.-^copy provide data for interatomic distances in free elements 
and in covalent molecules. If it is then assumed that the atoms 
involved are effective spheres which just contact each other m the 
solid state, such measured interatomic distances may be apportioned 
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between any two atoms involved and atomic or covalent radii deter¬ 
mined. In applying such considerations to covalent materials con¬ 
taining unlike atoms, some predetermined radius which may be used 
for comparison is essential. Thus Huggins,^ in deriving the first 
published set of atomic or covalent radii, assumed the radius of the 
sulfur atom to be 1.05 A and used this value to determine other radii 
from measured interatomic distances in covalent crystals of the zinc 
sulfide type.* For a free element or a material containing like atoms, 
half the measured interatomic distance provides the desired radius. 

Experiment shows a remarkable constancy in covalent radius for a 
particular element, provided the multiplicity of the bond remains the 
same. For example, the single-bond carbon to carbon distance in 
the diamond is 1.542 A (radius of carbon = 0.771 A) whereas in a 
large number of saturated hydrocarbons it varies between 1.52 and 
1.55 A.* Similarly, values for other materials are in like agreement. 
It appears, furthermore, that the assumption of additivity among such 
radii is also valid. Thus Pauling points out that, since the carbon 
to carbon distance in diamond is 1.542 A and the silicon to silicon 
distance in the free element is 2.34 A, the carbon to silicon distance in 
materials containing both elements should be 1.94 A.‘ Experi¬ 
mentally, it is 1.93 A in tetramethyl silane. This additivity also 
characterizes materials possessing some ionic character (p. 205), but 

strictly speaking it is best applied only in cases of pure covalent 
bonding. 

The general characteristics of covalent radii and the influence of 
various factors on their magnitudes have been considered in detail by 
Pauling and Huggins.® A shortening of interatomic distance and con¬ 
comitant decrease in radius accompany change from single bond to 
double bond to triple bond. This is particularly apparent with carbon 
where values for double- and triple-bond radii of 0.6G5 and 0.602 A, 
respectively, are to be compared with 0.771 A for a single bond. As 
IS pointed out in the next chapter (pp. ^92-215), covalent bonds 
associated with indi\adual atoms differ both in number and in dis- 


• M. L. Huggins: PAys. Rev., 21, 205 (1923); 28, 1086 (1926) 

by W otW surrounded tetrahedrally 

materillfu Ti,. which is common to a wide variety of 

Sfre ' r/' crystallographic arrangements. It is referred to ns 

^ Uni- 

I Ibid., p. 163. 

*b. Pauling and M. L. HugginB; Z. KHst., 67, 205 (1934). 
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tribution in space. These factors are reflected in the magnitudes of 
atomic radii, different sets of values being necessary for tetrahedral, 
square, octahedral, etc., types of arrangements. For non-metal 
atoms, so-called normal valence radii are commonly employed. 
These are the radii associated with atoms in compounds where the 
number of covalent bonds for the species in question is given by the 
usual negative oxidation number (1 for the halogens, 2 for oxygen, 
etc.). Such radii are often tetrahed'*al radii, although significant 
deviation from the tetrahedral is sometimes noted. A comparison of 
radii such as that made in Table oT emphasizes these points. 


TABLE 0-1 

Comparison of Maonitvdes of Various Types of Covalent Radii 
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B 1 

1 

C 1 

N 

0 

F 

Tetrahedral 

1 


1 

1 


1 

0 89, 

0.77, 

0.74 

0.74 

0.72 

t 

Normal valence ^ 
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1 

1 

1 



0 89 

'0.77 

1 

0 74 

0,74 

0.72 


\ 



1 
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A1 

Si 

1 P 

S 

a 

Tetrahetlral 






1 2f) 

1.17 

1 

I.IO 

1 04 

0.99 

Normal valence , 





1 


1.17 

I.IO 

1.04 

0.99 


Fe" , 

Co" 

, ' 

Ni" 

Cu 

Zn I 

Ga 

Gc 

As 

Se 

Br 

Tetrahedral 



1 

1 ' 

1 35 

1 31 

1 20 

1 22 

1 18 

1.14 

1 11 

.Normal valence 

1 1 



1 


1 

1 

1 22 

1.21 

1 17 

1.14 

S(|\iere I 




I 32(11) 







Oc'lalicdral 

1 23 

1 32 i 

1 1 

. 1 39 1 

1 









R.i" 

' Rh" 

Pd" 


Cd 

In 

Sn ' 

Sb 

Te 

I 

Tetrahedral 


1 

1 


i 

; 1 53 

1 48 

1.44 

1.40 

1.36 

1.32 

1.28 

Normal valence 

1 

1 

1 

1 ' 


1 



1 40, 

1.41, 

1.37 

1.33 

Octahedral 

1 33 

1 43 1 

1 

1 50 

1 49(111) 


1 i 

! 





Os" 

Ir" ' 

Pt" 

Au 

Hg 

n 

Pb 

Bi 



Tetrahedral 


1 


1.50 

I 48 

1 47 

1.46 

1.46 



Normal valenoe 



1 




1 46 

1.51 



Square 




1 31(111) 

1 






Oi’tahedral 

1 33 

1 43 

1 50 

1 49(111) 






- 


In a table of atomic radii which is useful for the entire group of 
elements, values for metals and non-metals must be strictly compatibly 
For many of the metals, covalent compounds are difficult to find, and 
the use of values based upon interatomic distances in any other type 
of compound is questionable practice. However, Pauling^' has 
shown that metallic and covalent radii are so closely related that they 

^L. Pauling: Phys. Rev., 64, 899 (1938). 

8 L. Pauling: J, Am, Chem. Soc,, 69, 542 (1947), 
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Fig. 5-3. Chart of covalent radii of the elements. 
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may be used interc hangeably. Accordingly, a set of compatible values 
obtained for metals or for covalent crystals may be compiled. In 
Figure 5 3, such a set^ is presented both numerically and graphically 
(using circles of suitable sizes) in terms of the periodic system after 
the scheme of modular presentation used so effectively by Campbell.* 
It must be emphasized that these are radii characterizing the elements 
in the solid state. 

For more e.xten.sive treatments of tlie subject of atomic or covalent 
radii, various standard references sliould be consulted.''”** 


Ionic radii 


Hy means of x-ray diffraction techniques, the interionic distances in 
many ionic crystals (for discus.'iion of ionic vs. covalent or molecular 
crystals, see pp. 225-22()) have been evaluated. Such distances may 
be correlated with each other and reduced to more useful terms by 
assuming that each ion involved has a definite radius and that the 
sum of such radii gives the mea.sured distance. It is apparent that 
the magnitudes of individual ionic radii are thereby dependent upon 
the method used to apportion ob.served interionic distances between 
the ions in question. The procedure normally followed necessitates 
adoption of some independently determined ionic radius as a standard 
and a.ssumption that this radius remains unchanged in all ionic 
crystals containing that species. From this fixed radius, then, others 
can be evaluated from experimentally determined interionic distances 
in binary compounds and an assumed packing of ions as rigid spheres. 
This is the “substitutional” procedure, first utilized by Bragg** but 
employed very extensively by subsequent investigators in the field. 
Obviously, it can be no more accurate than its selected base value and 
its assumptions. Its application is limited to materials which are 

truly ionic in the solid state. ^ 

Certain other approaches embodying modifications of Bragg s 
proiredure are worthy of mention. In 1920, Land(^'* obtained a set of 
absolute ionic radii by the same general procedure, using as a basis the 
assumption that in a crystal of lithium iodide the comparatively large 
iodide ions contact each other, the interionic distance thus being 

SL. Puuliiig: The .\ature of the Chemical Bond, 2nd Ed., Chapter V. Cornell 
Cnivcrsity Press, Ithaca (1940). 

>« 0. K. Rice: Electronic Structure and Chemical Bomling, pp. 319-332. Meura 


Hill Book Co., New York (1940). 

"C. W. Stillwell: Crystal Chemistry, Ch. II. 


McCraw-Hill Book Co., New 


York (1938). 

u \V L Bragg: Phil. .^fag. 16), 40, 1G9 (1920). 
Land6: Z. Physik, 1, 191 (1920). 
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bvice the iodide radius. Other ionic radii obtained by substitution 
are in excellent agreement with the present-day values. Using 
molecular refraction data, Wasastjerna*^ evaluated a corresponding 
set of ionic radii, individual values in which are nominally within 
0.10 A of those now accepted. Using Wasastjerna’s values for fluoride 
and oxide radu (1.33 and 1.32 A, respectively), Goldschmidt^^ deter¬ 
mined empirical radii from measured interionic distances in ionic 
crystals by Bragg’s procedure. Goldschmidt’s values, although 
differing significantly in some cases from- those now used, provided 
bases for modern crystal chemistry and the introduction of size rela¬ 
tionships into the interpretation of properties in inorganic chemistry. 

The apportionment of interionic distances has been approached 
theoretically by Pauling,*® who has emphasized repeatedly that useful 
values for ionic radii are those which, when added together with such 
suitable corrections as are necessary, give the equilibrium interionic 
distances in crystals. Because such equilibrium distances are depend¬ 
ent not only upon the types of electron distributions in the ions 
involved but also upon the structure of the crystal in question and 
the ratio of cation to anion radius (radius ratio, p), it was necessary 
that Pauling base his treatment upon certain so-called standard 
crystals. These crystals, namely, sodium fluoride, potassium chlor¬ 
ide, rubidium bromide, and cesium iodide, with interionic distances of 
2.31, 3.14, 3.43, and 3.85 A, respectively, were selected because they 
possess about equal ionic character, have the same sodium chloride 
structure,* have essentially the same radius ratio (p = 0.75), and con¬ 
tain, in each case, two ions of the same inert gas type although with 
different nuclear charges. 

Since for such isoelectronic ions radii are determined by the dis¬ 
tributions of electrons, which in turn vary inversely with effective 
nuclear charges, evaluation of radii is dependent upon correct assign¬ 
ment of effective nuclear charges. This Pauling did by deducting 

“ J. A. Wasastjerna: Z. physik. Chem., 101, 193 (1922); Soc. Sci. Fennica, Comm. 
Phyt.-McUh., 1 (No. 38), (1923). 

“V. M. Cioldachmidt: Skrifter Norske Videnskapa-Akad. Oalo, No. 2 (1926); 
No. 8 (1927); Traiia. Faraday Soc., 26, 253 (1929). 

‘•L. Pauling: J. Am. Chem. Soc., 49. 765 (1927); Prof. Roy. Soc. (Undon), 
A114, 181 (1927); The Nature of the Chemical Bond, 2nd Ed., pp. 343-350, (Cornell 
University Press, Ithaca (1940). 

• The sodium chloride structure, i.e., a face-centered cubic in which each cation 
13 suiTOunded ocUhedrally by six equaUy spaced anions and each anion by six 
equaUy spaced cations, is actuaUy characteristic of all but cesium iodide. How¬ 
ever, Pauling was able to correct the measured cesium to iodide distance to what 
\t would be were the structure of the sodium chloride type. 
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from the actual nuclear charge a screening correction to take into 
account the modifying effects of other electrons upon those outermost 
in the ion. Exact calculations necessary to the evaluation of such 
screening constants are beyond the scope of this book but were based 
upon treatment of refraction data and x-ray term values. For a 
given crystal containing isoelectronic ions, the measured interionic 
distance was then apportioned between the two ions in the inverse 
ratio of the effective nuclear charges. Values were thus obtained 
for (0.95 A), K+ (1.33 A), Rb^ (1.48 A), Cs^- (1.69 A), F" (1.36 A), 
Cl (1.81 .\), Br“ (1.95 A), and 1“ (2.16 A). Utilization of these 
values in conjunction with measured interionic distances in other 
crystals led to a series of values for other ions with inert gas atom 
arrangements. Thus the radius of the lithium ion (= 0.60 A) was 
calculated from a combination of the 2.00 A distance in lithium oxide 
with the 1,40 A oxide ion radius. In a sense, many of the values so 
calculated are for psuedo-ions since highly charged types such as 
S*"*, Cl'*’^, etc., have no actual existence as ionic species (p. 179). 
Extension of these calculations also led to radii for ions of the pseudo¬ 
inert gas (18-electron) type. 

Radii so calculated are relative to those of alkali metal and halide 
ions but are not absolute in the sense that their sums do not always 
give observed interionic distances. For multivalent ions, such radii 
are actually those w’hich these ions would possess if they were to keep 
their individual electronic distributions but behave in coulombic 
attraction as if they were univalent. More properly, therefore, such 
radii are termed univalent radii. Pauling has shown that crystal 
radii, which when added do express interionic distances, can be calcu¬ 
lated from univalent radii by multiplication by an appropriate correc¬ 
tion factor in terms of the eiiuation 

R, = (51) 

where /?, and Ri are, respectively, cry.sta! and univalent radii, Z is 
the ionic charge, and n' is a repulsion exponent which is related to the 
repulsive forces arising from interpenetration of the two ions. For 
each inert gas or pseudo-inert gas type, n' has a particular value 
(ti' = 5 for He, 7Jor Ne, 9 for A or Cu^, 10 for Kr or Ag^, H for Xe 
or Au’*’). Comparative value.s for univalent and crystal radii as 
calculated by Pauling are summarized in Figure 5'4. Ihe close 
jjarallel between Pauling’s calculated crystal radii and those deter¬ 
mined empirically as shown in Table 5-2 is indicative of the accuracy 
of Pauling’s considerations. 


6 ro I 77^0 ^7*0 

io’o 60*0 iro sro 
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Fia. 6*4. Chart of univalent and ciyetal radii for inert gas and pseudo-inert gas type 
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Vai.i-ks for Ionic (Crystal) Radii for C.N. G 


Symbol 

Atomic 

Ionic 

Ionic Radius. A 

Xumber 

Species 

Empirical** 

Calculated'* 

H 

1 






H- 


2.08 

He 

2 




Li 

3 

Li^ 

0.78 

0.60 

Be 

4 

Be** 

0 34 

0.31 

B 

5 

B** 


0 20 

C 

6 

C** 

0 20 

0.15 



C-* 


2.60 

N 

7 

X** 

0 1-0 2 

0.11 



N-* 


1.71 

0 

8 

0** 


0.09 



O'* 


1.40 

F 

9 

F*» 


0.07 



F- 


1.36 

Xe 

10 




Xa 

11 

Xa* 

0.98 

0.95 

Nig 

12 

Mk** 

0.78 

0.65 

A1 

13 

Al** 

0.57 

0.50 

Si 

14 

Si*< 

0 39 

0.41 



Si-« 

1.98 

2.71 

P 

15 

P*» 

0.3-0.4 

0.34 



j»-i 


2.12 

S 

16 

S** 

0 34 

0 29 



s-» 

1 74 

1.84 

a 

17 

a** 


0.26 



a- 

1.81 

1.81 

A 

18 




K 

19 

K* 

1.33 

1.33 

Ca 

20 

Ca** 

1 06 

0 99 

Sc 

21 

Sc** 

0.83 

0.81 

Ti 

22 

Ti*‘ 

0.64 

0.68 

V 

23 

V*« 

0.61 




V** 

0 4 

0.59 

Cr 

24 

Cr** 

0.65 




Cr** 

0.34-0.4 

0.52 

Mn 

25 

Mn** 

0 91 




Mn*« 

0 52 




Mn** 


0.46 

Fe 

26 

Fe** 

0.83 




Fe** 

0.67 


Co 

27 

Co** 

0 82 




Co** 

0.65* 


Xi 

28 

Xi** 

0.78 


Cu 

29 

Cu* 


0.96 

Zd 

30 

Zn** 

0.83 

0.74 

Ga 

31 

Ga** 

0.62 

0.62 
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TABLE 6-2 (CotUiniud) 



Atomic 

Ionic 

Ionic Radius, A 

Symbol 

Number 

Species 

Empirical'* 

Calculated'* 

Ge 

32 

Ge** 

0.44 

0.63 



Ge-* 


2.72 

As 

33 

Ab** 


0.47 



As”* 


2.22 

Se 

34 

8e+* 

0.3-0.4 

0.42 



Se-» 

1.91 

1.98 

Br 

36 

Br+» 


0.39 



Br- 

1.96 

1.95 

Kr 

36 




Rb 

37 

Rb+ 

1.49 

1.48 

Sr 

38 

8r+* 

1.27 

1.13 

Y 

39 

Y+« 

1.06 

0.93 

Zr 

40 

2r+* 

0.87 

0.80 

Nb 

41 

Nb+» 


0.70 

Mo 

42 

Mo+* 


0.62 



Mo+‘ 

0.68 


Tc 

43 




Ru 

44 

Ru+* 

0.66 


Rh 

45 

Rh+» 

0.69 


Pd 

46 

Pd+* 

0.50* 


Ag 

47 

Ag* 

1.13 

1.26 

Cd 

48 

Cd+» 

1.03 

0.97 

In 

49 

In** 

0.92 

0.81 

Sn 

60 

Sn+‘ 

0.74 

0.71 



Sn~* 


2.94 

Sb 

61 

Sb** 


0.62 

Te 


Sb”* 


2.46 

62 

Te+* 


0.56 



Te+« 

0.89 




T©-» 


2.21 

I 

63 

I*» 


0.60 



I+* 

0.94 


Xe 


I- 


2.16 

64 




66 

Cs* 

1.66 

1.69 

Ba 

66 

Ba+* 

1.43 

1.35 

1a 

67 

La+* 

1.22 

1.15 

Ce 

68 

Ce+* 

1.02 

1.01 

Pr 


Ce+* 

1.18 


69 

Pr+« 

1.00 


Nd 

60 

Pr*» 

Nd+* 

1.16 

1.16 


Sm 

61 




62 

Sm** 

1.13 


£u 

63 

Eu** 

1.13 

a 

Ud 

64 

Gd+« 

1.11 


IT) 

65 

Tb+» 

1.09 
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TABLli 5 2 {Continued) 

Atomic Ionic Ionic lUdius, A 

SytnWi Number Species Empirical'* Calculated'* 

06 J>y*J 1 07 

Ho 07 lIo*» 1 05 


hr 


Er** 

1.04 


Tm 

O'J 

Tm** 

1.01 


Yb 

70 

VI.** 

1 00 


I/U 

71 

Ell** 

0 99 


Hf 

72 

Hf‘* 

0.86 


Ta 

73 

Ta** 

0.73 


W 

7A 

W** 

O.G8(?) 


rte 


W*« 

0.08 

0.66 

75 

Re** 



Oa 

70 

Os** 

0 67 


Ir 

4 t 

Ir*‘ 

0 6G 


Pt 

78 

Pf* 





pt*i 

0.52 


Au 

7'J 

Au* 


1.37 

Mg 

80 

Hg** 

1 12 

1.10 

T1 

8i 

Tl*» 

I 05 

0 95 



Tl* 

I 49 


Pb 

82 

Pb** 

0 84 

0.84 



Pb** 

1-32 




Pb-* 


2.15 

Bi 

83 

Bi*» 


0.74 



Bi** 

1.20* 


I’o 

81 




At 

85 




Kn 

86 




Fr 

87 




Ra 

88 

Ra** 

1 52* 


Ac 

89 

Ac** 


l.llt 

Th 

90 

Th*« 

I 10 

0.95t 

Pa 

91 

Pa** 


0.91t 



Pa** 


root 

U 

92 

U** 

1.05 

0.89t 



U+> 


1.03t 

Np 

93 

Np** 


0.88t 



Np** 


1.02t 

Pu 

94 

Pu** 


0.86t 



Pu** 


I Olt 

Am 

95 

Am** 


0,85t 



Am** 


root 

Cm 

96 




(Bk 

97 



) 


98 



) 

Largely from 

R. W. C 

VSyckoff: The 

Structure of Crystals, 

The Chemical 


Catalog Co., New York (1924). 

t W. H. Zarhariasen: Phys. Rev,, 73, 1104 (1948)« 
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It must not be assumed that a given ionic radius is constant in any 
and all crystals. A number of factors influence the magnitudes of 
crystal radii. Thus a decrease in the coordination number* of a 
particular ion is accompanied by a decrease in interionic distance or 
radius.*’ Goldschmidt*® recognized this effect in his data and sug¬ 
gested correction factors of 1.03 and 0.93 to 0.95 for changing from 
coordination number 6 to 8 and 6 to 4, respectively. Pauling*® has 
suggested values of similar magnitudes. It is imperative, therefore, 
that crystal radii be described in terms of particular coordination 
numbers. Since six is probably the most common coordination num¬ 
ber, values are commonly given for this condition. This practice is 
followed in Table 5*2. 

Variation in crystal radius is also produced because of the oxidation 
states or valences (p. 179) of the neighboring ions. Although Gold¬ 
schmidt made no allowance for this effect in his data, mea sured 
interionic distance may be so corrected by multiplying by "'“*\/ZiZj, 
Zi and Zt being the ionic charges in a binary compound and n' having 
the same significance as before (p. 138). 

The effects of radius ratio (p. 137) on interionic distances and radii 
are more obscure and have been elucidated clearly only for the alkali 
metal halides.** In a crystal built up by a packing of rigid spheres, 
it can be shown that the exact arrangements which the ions assume 
■are determined by radius ratio, as indicated in Table 5*3. For the 

TABLE 5-3 

Cbtstal Arbanoeuents of Rigid Spheres A about Sphere C 


Number of A’a 

Arrangement 

Radius Ratio, 

(= C.N. of O 

of A’e 

Ec’>Ra 

2 

linear 

up to 0.15 

3 

triangular 

0.15 to 0.22 

4 

tetrahedral 

0.22 to 0.41 

4 

planar 

0.41 toO.73 

6 

octahedral 

0.41 to 0.73 

8 

cubic 

0.73 and abov 


Coordination number (C.N.), in the crystallographic sense, implies the number 
**®*8hbor8 associated with the secies under consideration in the crystal 
. • ^ Chapter 7, the term coordination number is used in a chemical sense 
mdicate the number of groups associated through electron pair bonding with 
R centi^ metal ion in a coordination compound. The two usages should always 
^clarified by defimtion and not confused. 

u V* Zachariasen: Z. Krut., 80, 137 (1931). 

V. M. Goldschmidt: GeochemwcAc VerUilungsgcsetze der ElemenU, 8, 69 (1926): 
eo, 1263 (1927). 

W, 1036 (1928); The Nature of Oie Chtmxcal 
t 2Qd Bd.j pp. 351-363, Oomell Uniyerfiity Ithaca (1940). 
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alkali metal haliiles, then, wliere the sodium chloriiie structure (C.N. 
= 0) persists above radius ratio 0.73. there are fewer anions than nor¬ 
mal (0 vs. 8i packed around the cation, and there is less than the 
normal anion repulsion. Interionio di.stances are. therefore, somewhat 
less than would be expected in the absence of such an effect. On 
the other hanil. as the radius ratio decreases, anions become more 
crowded around the cations, and mutual anion repulsion becomes 
important. This prevents closeness of approach and increases 



Fio. 5-5. Radius ratio correction chart. (Adapted from b. raulmR: 

of the Chemical Bond. 2nd Va]., p. 357. Cornell University Press. Ithac.a l 


interionic distances. Such a situation is of particular importance 
among lithium salts because the excessively small size of the lithium 
ion permits anion-anion (p < 0.414) contact in all halides *^’-'*' * ^ 
fluoride. Even in lithium fluoride {p = 0.44) anion approach is 
sufficient to increase cry.stal distances. It is ncces.sary, therefore, a 
a radius ratio correction be applied,*'' A graphic interpretation ot this 
effect is given in Figure o o.** For more comprehensive ® |J_ 

these and other pha.ses of the subject of ionic Y 

ing* (Ch, X), Uice'« (Ch. XIV). and Stillwell" (Ch. II) should b 

Data summarized in Table 5-2 represent values for 
calculated by Pauling,- Goldschmidt,- and 
the latter two series having been brought up to date m t 
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recent observations. It must be emphasized that all these values 
apply only to ions as they are found in ionic crystals. They do not 
apply rigidly to solvated ions which exist in electrolytic solutions. It 
might be expected, as a first approximation, that the same trends 
would appear in solution as in the crystal lattice, but such analogies 
should be limited. Complete sets of solvated ionic radii are lacking. 

It is sometimes convenient to be able to approximate an ionic 
radius. For this purpose, a number of empirical procedures have 
been suggested. As useful as any is that of Li and Sun*® in which the 
ionic radius, Rg, is calculated from the atomic number Z, the oxidation 
number of the ion V, and the principal quantum number of the outer 
electrons n by the relation 

R, = 0.42Z-> W (5-2) 

Rather good agreement is obtained, particularly if in the region 
lithium-fluorine n* is used instead of n*. 


Fan der Waals radii 


The non-metallic elements exist in the solid state as aggregations of 
molecules (p. 217). Although the bonding within a given non-metal 
molecule is largely covalent in character, individual molecules are 
held to each other by so-called van der Waals forces (p. 215) and 
a^ume equilibrium positions within the crystalline solids. Half 
the distance between two atoms wthin two molecules so located would 
be referred to as a van der Waals radius. Van der Waals radii are 
e^ntiaUy non-bonded types of radii. In numerical magnitudes, 
ey approximate ionic radii of the same elements since atoms so held 
present eswntially the same electronic arrangements away from the 
bonds M do their negative ions. This is apparent if one compares 
values for van der Waals radii as summarized in Table 5-4« with 


lAaLtj 5*4 


Van der Waals Radii op Non-metals, in Angstroms 


N 

P 

As 

Sb 


1.5 

1.9 

2.0 

2.2 


0 

S 

Se 

Te 


1.40 

1.85 

2.00 

2.20 


H 

F 

Cl 

Br 

I 


1.2 

1.35 

1.80 

1.95 

2.15 


• DaU from L. Pauling.** 

an C. E. Sun: J. Chinese Chem, Soc., 7, 73 (1940). 
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sidcrations of non-metal structures and those of certain organic 
compounds.*'• ** 

raruitioris and trends in size relationships 

A number of significant trends in values for both.covalent and ionic 
radii are apparent in the summaries given in Figures o-3. 5-4, and 
and in Table 5-2. Within any given periodic family, sizes increase 
with atomic number for species of comparable electronic arrangements 
t)ecause of the addition of extra electronic shells. Although the 
compen.sating cfTect of parallel increase in nuclear charge is insufficient 
to overcome such expansion, it is more significant among the transi¬ 
tion elements and those which immediately follow the transition 
scries than among other elements. As a conseiiuence, size increases 
with atomic number within families containing such elements are less 
pronounced. 

Within a given horizontal period where atomic number is increasing 
from family to family, there is a general decrease in tlic sizes of com¬ 
parable species. This arises from the effe<‘ts of increasing nuclear 
charge without addition of new electron shells. Witliin the transition 
series, size decreases of this type are e.specially small because added 
difFerentiating electrons (p. 123) enter inner d levels. After each 
transition series, there is an increase in size due to the involvement of 
higher (|uantum levels, but the sizes of materials in this region (with 
underlying 18-electron .shells) never approach those of comparable 
materials with underlying 8-electron shells (compare, e.g., Ag'*', 
r = 1.2fi A, with Ub^. r = 1.18 A). Knhanced nuclear charges pro¬ 
duce contracting effects upon the populous 18-clectron arrangements 
which prevent increased size. 

Parallel decrca.ses in size with increasing nuclear charge are of 
particular importaiu’C among the inner transition series. In the 
lanthanide scries, it will be recalled (p. 104) that an increa.se of four 
teen unit.s in nuclear charge is accompanied by the filling up of the 
4/ quantum level without alteration in the outer arrangement o 
rj.s-op'or/'’-''6s* for the neutral atoms. A parallel decrease in size 
is thus indicated since there is no compensation for incrca-sed nuclear 
charge. 'I'his .size decrease is known as the lanthanide contraction. 
It is apparent not only in atomic radii but also in the radii of ions o 

L. Paulinj-: Thr Suture of the Chemkal Ho , ut . 2nd Ed., PP- 1S7 1«3. Cornel! 

Univ^'rsilv Itliaca (IWOl - , 

«\V H. Kod.-busli: Abstra.Is of papers pre.«fnt.-cl at 110th Meeting 

An.oriean Chenueal iSo. iety, p. OP. September 1946. 

oT Moeller: J. Chem . Kduration, 19, 428 (1942). 
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* Data from Pauling.* 
t Based upon oxides only 
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Fio. 5-6. 


20 30 

Atomic number 

Graphic represenUtion of ionic radii. (Redraw 
I f'krm J^diirnlian. 19. 428 [l942j.) 
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Fio. 5-6 (Continued). 
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various charge types, in atomic volumes, and in molecular volumes of 
isomorphous compouiuls. This is shown in Table 5-5.** An exactly 
similar contraction {actinide contraction) would bo expected among the 
actinide elements. Data summarized in Table 5 G“ show this to be 
true. 

TABMi: 56 


CRrSFAL Uadm 

OF Heavikr 

Ki.ements. 

The Aitimdk 

Contraction 



+ 4 


+3 

5/ vlcctrons 

Ion 

Itadius, .\ 

Ion 

Itndiiis, .A 

0 

Th*‘ 

0.95 

Ac*> 

1.11 

1 


(0.91) 

Th** 

(1.08) 

2 


0.89 

I’a^» 

(1.00) 

3 

Np** 

0.88 

U** 

1.04 

4 

Pu*« 

0.86 


1.02 

5 

Am*« 

0 85 

Pu*' 

1.01 

6 



Am*« 

1,00 


The effects of the lanthanide and actinide contractions are sig¬ 
nificant. Such small differences in properties as exist among the 
members of either series in a given state of oxidation may be ascribed 
to size differences resulting from these contractions. Among the 
lanthanides, at least, such differences arc the bases for most sepa- 
rational procedures (p. 90H). In the lanthanide series, the con¬ 
traction effect is of sufficient magnitude as to cause the elements which 
follow in atomic number to have sizes differing at most only very 
slightly from those of their congeners in the preceding transition 
series. As indicated in Table 5’7, where appropriate covalent and 


TABLE 5 7 

Variatio.ss is Size due to the Lanthanide Contraction 


Ilia 

IVa 

Va 

1 

Via 

1 

Vila 

VIII 

Sc 1.439 

1 - 

Ti 

1 324 

1 

1 224 

Cr 1 172 

Mn 1.168 

Fe 1.165 

Co 1.157 
Ni 1.149 

Sc**0.81 

Ti*‘ 

0 08 

V*‘ 

0.50 

1 

1 

Cr*‘ 0 52 

MiC’O 46 



Y 1.616 

Zr 

1 454 

Nb 

1 

1 342 

Mo 1 291 

Tc 

Ru 1.241 

Rh 1 247 
Pd 1.278 

Y+* 0.93 

Zr*' 

0,80 

Nb*»0.70 

Mo**0 62 


1 


I.a 1.690 

Hf 

1 442 

Ta 

1 343 

W 1 299 

Re 1 278 

Os 1 255 

Ir 1.260 
Pt 1.290 

U^M.15 

Hf*' 

(0 86) 

Ta+*(0 73) 

\V^« (0 68) 

1 

Re*’ 

1 




*«T. .Moeller and H. E. Kretners: Chem. Revs., 37, 97 (1945). 
\V. il. Zacliariasen: Phys. Rev., 73, 1104 (1948). 
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crystal radii are summarized, the normal size increase characterizing 
the family Sc-Y-La vanishes after the lanthanide series, and such 
pairs as Zr-Hf, Nb-Ta, W-Mo, etc., possess nearly identical sizes. 
The marked similarities in properties within such pairs and the 
attendant difficulties in chemical separation are thus direct results 
of the lanthanide contraction. It may be pointed out, also, that con¬ 
traction is sufficient among the lanthanides that atomic and ionic 
radii drop below corresponding values for yttrium, a member of the 
preceding transition series. Inasmuch as the sizes of yttrium mate¬ 
rials are roughly equaled by dysprosium and holmium materials, it is 
not surprising to find these elements (as well as their immediate 
neighbors) occurring with yttrium in nature. Nor is it surprising 
that separation of these elements from yttrium is exceedingly difficult. 

The magnitudes of ionic radii are dependent upon the numbers of 
electrons lost or gained in ion formation. A cation is always smaller 
than its parent neutral atom, and conversely an anion is always larger 
than the neutral atom from which it is derived. Correspondingly, 
if several oxidation states are distinguishable for a given element, the 
higher the positive oxidation number (p. 179) or the lower the negative 
oxidation number the smaller the ion. The following radii data for 
lead are typical and illustrate these variations: Pb®, 1.538 A* Pb+* 

1.32A;Pb+S0.84A;Pb-«, 2.15A. 


/Applications of size relationships 

A detailed consideration of the applications of size relationships 

seems inappropriate at this point since it is essential that a number of 

other concepts be presented before such applications achieve their 

t^e meanings. However, in anticipation of future discussions some 

of the more important applications may be summarized, together 

wth references to chapters and pages where they are treated. Amonc 
these are the following: 


1. Electron attraction and repulsion (Ch. 5, pp. 152-164). 

2. Valency and bond type (Ch. 6, pp. 178-215). 

3. Acid-base character and salt hydrolysis (Ch. 9, pp. 312-321) 
253-270)'^*'''^^"“''^* considerations (Ch. 6, pp. 178-180; Ch. 7, pp 

5. Compound stability (Ch. 6, pp. 181-186). 

“O'ecules (Ch. 7, pp 

8 reducing properties (Ch. 8, pp. 293-297). 
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Since the last of these topics is not treated as such in any subsequent 
chapter but is handled only by spot references, it might be mentioned 
that Goldschmidt-^ postulated that materials of similar ionic radii and 
preferably, though not necessarily, the same ionic charges will replace 
each other in minerals. The occurrences of apparently unrelated 
elements within the same mineral are often accounted for in this 
fashion. Goldschmidt’s table as reproduced in Table 5-8 indicates at 


Ionic Itadiiis 
0 1-0 3 
0 3-0 5 
0 5-0 7 
0 7-09 
0 9-11 
1 1-1 4 
14-17 


TABLE 58 

SptCltS OCCCRRIVG ToOKTHhR IN MINERALS 

Ionic Species 

B*>. C**, N'‘. S*' 

Bc’». Si*‘. 

Li“, Mk'». ArL Ga*». Fe*L Cr‘*. V*«, Ti*« Ge**. Mo**, W** 
^•i*^ Co**. Fe**, Zn**. Sc*». In*>. Zr**. Hf«, Sn*‘. Nb*‘. Ta** 
\a*'. Ca**. Cd**. Y**. Gd** to LiC», Cc*‘, Th**. U*« 

K*'. Sr*’. La*» to ICii*> 

Kb*', Cs*'. TI*'. Ba*«. lU** 


least some combinations which may be expected and which are thus 
justifiable. 

In conclusion, one must point out the fact that independent con¬ 
sideration of size without allowance for nuclear and ionic charge 
effects is dangerou.s. It will be apparent that many of the applications 
of the size principle relate to electron attraction. It is further appar¬ 
ent that, whereu.s enhanced attraction of this sort is favored by small 
atom or ion size, it is also favored by large nuclear or cationic charge. 
This approach will be developed in more detail in the next chapter 

(pp. 208-211). 

IONIZATION POTENTIALS 

The promotion of electrons to higher energy levels as a result of 
the absorption of energy has been discussed in connection with the 
origin and interpretation of spectra {p. 82). It follows, of course, 
that the absorption of sufficient energy will result in the complete 
removal of an electron (or electrons) from the sphere of influence of 
the positive nucleus of an atom with the production of a positive ion. 
The amount of energy necessary to effect such a removal of the most 
loosely bound electron from an isolated gaseous atom of an element in 
its lowest energy state is called the ionization poU-ntial, or perhaps, 
more rigidly, the first ionization potential of that element. Corre¬ 
spondingly, the energy associated with the removal of the most loosely 
bound electron from the ion produced by the loss of one electron, again 

V. M. Goldschmidt: Ber., 60, 1263 (1927). 
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in its lowest energy state, is referred to as the second ionization poten¬ 
tial. In like fashion, third, fourth, etc., ionization potentials may be 
defined.” The term ionization potential when used without modifica¬ 
tion is understood to mean the first ionization potential. 

The concept of ionization potential may be illustrated graphically 
in terms of the hydrogen atom. As indicated in Figure 5*7, the input 
of progressively larger amounts of energy promotes the single electron 
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Pig. 5-7. Graphic representation of energy levels in the hydrogen atom. 


from its normal position in the first quantum level (n = 1) to suc¬ 
cessively higher levels (n = 2, 3, etc.) until ultimately the electron 
18 raised to an infinite level and is, thereby, completely removed. The 
situation is much the same with more complicated atoms except that 
wth these systems some one electron wiU be easier to promote to 
higher levels than the others. 

The numerical magnitudes of ionization potentials are influenced 

by a number of factors. Among the more obvious of these factors 
are the following:** 


1. The charge upon the atomic nudeue. In general, as the nuclear 
cuarp increases among atoms with similar outer electronic arrange- 

auraction of the nucleus for electrons. 


”J. 


Sherman: Chem. Rnn., 11, 93 (1932). 

H. Sialer and C. A. Vander Werf: J. Chem. 


Pdueatum, 22, 390 (1945). 
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2. The shielding effect of inner electronic shells. The attractive 
force exerted by the nucleus on the most loosely held electrons is at 
least partially counterbalanced by the repulsive forces exerted by the 
inner electrons. The electron to be removed is thus shielded from the 
nucleus by these inner shells, and some decrease in ionization potential 
results. 

3. The atomic radius. In terms of what has already been said (pp. 
14t')-l.i2), a decrease in ionization potential might be expected to 
accompany an increase in atomic .size. Strictly speaking, of course, 
this is true only among elements the atoms of which have the same 
types of ele<'tronic conliguration throughout and the same number of 
electrons in the highest quantum level. Rigid comparisons among 
members of the .^ame periodic family are permissible but not compari- 
.«ons among those in two or more families. 

4. The citmt to which the most loosely hound electron penetrates the 
cloud of electronic charge encompn.'^.sed hy the inner electronic shells. 
Inasmuch as the eccentricity of an electron orbit is measured by the 
magnitude of the quantum number I and ina.smuch as the smaller the 
value of / for a given value of n the more eccentric the orbit {p. 90), 
the degree of penetratif)n of electrons in a given principal quantum 
level will decrease in «)rder s > p > d > /. Ihis is tantamount to 
saying that on the average an s electron will approach the nucleus 
more closely than a p electron of the same principal quantum number, 
a p electron more closely than a d, and so on. Ihus, other factors 
being equal, an s electron will be harder to remove than a p electron, 
a p electron harder to remove than a d electron, and a d electron harder 
to remove than an / electron, and ionization potentials will decrease in 

this order. 


Of course the measured ionization potential for an element is deter¬ 
mined by a combination of all these factors, and it is not always pos¬ 
sible to ascribe a greater influence to one factor than to any the 
others. Thus, for example, although an electron may be shielded 
from the nucleus by inner electron shells, as soon as it penetrates clow 
to the nucleus, this shielding disappears and attractive forces on the 

electron increase. _ . 

Numerically, ionization potentials are expressed in electron volts 

{p 59). The values tabulated for the various elemenU in Table 

5-9 are so expressed.”-” It should be pointed out that many of 

these potentials are incapable of being attained by the energies 

» C. E. Moore: Atomic Energy Levelt. arciilar of National Bureau of Stand¬ 
ards, No. 467. June 15. 1949. 
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released in chemical reactions alone and are achievable only in dis¬ 
charge tubes. In a very general way, values of above about 15 elec¬ 
tron volts are difficult to reach by chemical means alone. Hence 
the formation of highly charged cations in chemical processes is highly 
unlikely. This is in general accord with observed fact that simple 
cations with charges greater than two are most uncommon, but as 
will be shown later (Ch. 0) the formation of gaseous ions as measured 
by the ionization potential is not always the controlling step in com¬ 
pound formation. The stabilities of the inert gas and, to lesser 
extents, the pseudo-inert gas arrangements are indicated in Table 
5-9 both by the large values of ionization potentials characterizing 
these elements and by the tremendous jumps in ionization potentials 
accompanying any penetration into an inert gas or pseudo-inert gas 
arrangement (stair-step arrangements in Table 5-9). Increases in 
magnitude from first to second to third, etc., ionization potentials for 
any given elements are due to the fact that it is always more difficult 
to remove electrons from a positive ion than from a neutral atom. 

Periodic variations of first ionization potentials with atomic numbers 
are indicated in Figure 5-8. The inert gas elements occupy maximum 
positions. The sharp drop to a minimum value for an alkali metal 
after each inert gas is associated with the addition of a single s electron 
to the next higher quantum level, this s electron being proportionately 
better shielded than s electrons in lower arrangements. The general 
increase from alkali metal through halogen in each series of elements is 
due largely to the effects of increased nuclear charge, since size varia¬ 
tions in these regions are not large. Omitting the transition series, 
we note significant drops in ionization potential at the Group Illb 
elements, B, Al, Ga, In, and TI. With each of these elements, the 
first p electron in the nth quantum level appears, and, since this elec¬ 
tron is less penetrating than previously added s electrons, it is better 
shielded and thus easier to remove. These discontinuities increase in 
magnitude with increasing atomic number, paralleling increases in 
the complexities of the underlying electronic arrangements. Similar 
irregularities are apparent with the Group VIb elements, 0, S, Se, 
and (to a much reduced extent) Te, but their origins are obscure. 

These discontinuities are characteristic of the first ionization potential 
only. 

Within the transition and inner transition series, essential constancy 
in ionization potential is associated with constancy in outermost 
electronic arrangement and only rather slight changes in atomic size. 
A generd increase in potential, paralleling decrease in size, character¬ 
izes each such series, and as might be expected this increase is less 
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Fu), 5-8. Variaiionn in firet i<mi7.ntion potrntialH with atomic nurnh(*r. 
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pronounced with an inner transition series than with a transition 
series alone. 

As far as individual families of elements are concerned, ionization 
potentials generally decrease with increase in atomic number. This 
trend is best associated with increase in size while maintaining the 
same type of electronic arrangement, since the combined effects of 
adding removable electrons to higher and higher energy levels and 
shielding due to the presence of underlying shells usually more than 
counterbalance the effect of increased nuclear charge. One cardinal 
exception may be cited, however. Elements immediately following 
the lanthanides in atomic number (Hf through Pb) have higlier 
ionization potentials than the corresponding elements in the preceding 
senes. This is merely another effect of the comparatively large 
increase in nuclear charge without expansion to higher electron shells 
which characterizes the lanthanide region. The greater nuclear 
attraction and decreased size which result thus decrease the ease with 
which electrons can be removed. This effect becomes less pronounced 
as atormc number continues to increase and apparently disappears at 
bismuth. The fact that ionization potentials of the elements in the 
family of a particular periodic group are higher than those of the 
e ements of corresponding electronic configurations in the A family is 
a 80 wort y of note. Penetration effects are more pronounced with 
underlying 18-eIectron arrangements than with 8-electron arrange¬ 
ments, and these combine with increased nuclear charge to render 
electron removal more difficult. 

Applications of the ionization potential concept are legion. Since 

formation, most applications 

the nati.r free elements as reducing agents or in 

they wm h H T ® which they form. As such, 

y ill be discussed in subsequent chapters (Ch. 6 and 8). 

electron affinities 

from a neStll'!*'""®' «'“‘rens) 

accuracy thp evaluated experimentally with considerable 

seldom with (Treat indirectly and 

added to released when an electron is 

^ron amnitv termed the 

“ughtbeexnec^H wcond, third, etc., electron affinities 

rather than its ln<i ' would involve the input of energy 

- ®^-tron to a negative ion 
^ opposed by coulombic repulsion. Only the electron affinities 
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of the ln()^t eh'elrorjOKative elements have been evaluated, and these 
have been eah iilate'l from theiiiKxlynamie data for ionic conipounds 
by use of the labor cycle (p. 184). \ alues so obtained are 

summarized in I'able o 10.*® 


T.AfU.K 5 10 

Ki.k<tron Akhnuiks ok ('krtaiv Eifments 

I:!k-« tron .\ffiiiitv 


Syinhnl 

keal. 

ev 

F 

98.5 

4 27 

Cl 

92 5 

4 01 

Hr 

87 1 

3 78 

I 

79 2 

3 43 

11 

10 4 

0 71 

0 

- 108 • 

-7 28* 

s 

-79 4* 

-;j ir 

Se 

-97* 

-4 21* 

l.i-(’s 

0 

0 


• For two electrons. 


The electron aflinity of an (‘lement is essentially the ionization 
energy of its uninenative ion with sifjn reversed. 'I'he 
magnitude, the nn-ater the tendency of the ehuiHMit to gain an electron, 
or the greater it.s oxidizing [lower. .\pplications will be considered 
later in conjunction witli tho.'O of ionization potentials. 

ELECTHOM.fiATIMTIKS OF THE ELEMENTS 

Both ionization potentials and electron affinities may be regarded 
as more or less quantitative expressions of a genera! property of the 
elements which the chemist terms electronegativity, that is, the 
tendency of an atom to attract electrons to itself. In a general way, 
it is apparent that small atoms have greater attractions for electrons 
than large ones and are. therefore, more electronegative. It is also 
apparent that higher electronegativities would be expected for atom.s 
the orbitals of which are nearly filled than for those the orbitals of 
which are spar.sely occupied. However, a uniform quantitative mot e 

of expressing electronegativitie.s is desirable. 

Fortunately, Pauling*' has derived a useful scale of electronega- 
tivitie.s through consideration of vaiiations in the difference A 
between the actual energy of a bond between two atoms A an 
and the energy expected for a normal covalent bond (p. 192) bet^^een 

» L. Pauling: The Salure of the Chemkal Hand, 2iul W.. pp. 66, 341. Cornell 
University Press. Illiat-a (1940). 

L. Pauling: J. Atn. Chem. Sor., 64, 3570 (1932); The I^alure of the Chemical 
Bond, 2nd Ed., pp. 58-69, Cornell University Press, Ithaca (1940). 
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these atoms. Values of A increase as the electronegativity difference 
between the two atoms increases, but these values do not satisfy any 
relationship amounting to a difference between numerical properties 
of the atoms concerned. Pauling has found, however, that the square 
roots of the A values do approach such a relation and has evaluated the 
term 0.208 y/A for a number of bonds, this relation being derived 
from the conversion of A values from kilogram calories to electron 
volts by the ratio A:23.06. To each element, a numerical value of 
electronegativity was then assigned, these values being so chosen that 
their differences are approximately equal to the square roots of the 
A values in electron volts. In order to bring the electronegativities 
of the elements C to F up to 2.5 to 4.0, an arbitrary constant of 2.05 
was added to the original values. Such a procedure was suited to 
evaluation of electronegativities for the elements H, C, N, 0, F, Si, 
P, S, Cl, Ge, As, Se, Br, and I, but values for other elements had to be 
calculated from thermochemical data for compounds containing the 
elements in question and one of the elements mentioned above. 


Element 

F 

0 

a 

N 

Br 

8 

C 

I 

8e 

Te 

P 

H 

As 

B 

Si 

Sb 

Oe 


TABLE 611 


Paulino’s Scale of Electronegativities 


Electronegativity 

Element 

Electronegativity 

4.0 

Sn 

1.7 

3.5 

Ti 

1.6 

3.0 

Zr 

1.6 

3.0 

A1 

1.5 

2.8 

Be 

1.5 

2.6 

Sc 

1.3 

2.5 

Y 

1.3 

2.4 

Mg 

1.2 

2.4 

Ca 

1.0 

2.1 

Li 

1.0 

2.1 

Sr 

1.0 

2.1 

Na 

0.9 

2.0 

Ba 

0.9 

2.0 

K 

0.8 

1.8 

Rb 

0.8 

1.8 

Ce 

0.7 

1.7 



Numerical values for electronegativities as given by Pauling" 
are summarized in Table 511, and periodic variations in their magni- 
tudM are ^own graphicaUy in Figure 5-9. Electronegativities are 
taghest for the amplest elements, as might be expected, and decrease 

deme^rr “Particular famUy. I„ a given series of 

troM t’t Z decreasing numbers of outer elec- 

ons. Use of the electronegativity concept in determining bond 
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character will he disciisj^ed in a snhse(iuenl chapter (Ch. 0, pp. 205- 
208), hut in a very general way it shouM he apparent that the most 
highly ionic compounds will result hetwoen elements of the most 
widely divergetit eloctronegatixitie.s. The electronegativities of the 
elements are also useful in appro.Kimating bond energies and in estab¬ 
lishing (jualitatively the thermal stabilities of compounds. 



Fig. 5 9. Periodic variations m the electronegativities of the elements. 

The (jualitative relation between electronegativity and electron 
loss or gain has been pointed out. There is, however, a somewhat 
more quantitative relation between this property and the electron 
affinity and ionization potential. Mullikcn,*- for example, as 
pointed out that the average of the first ionization potential and the 
electron affinity should mea.sure electronegativity. Strictly speaking, 
this is a straightforward relation only for univalent atoms. If the 
electron affinities of the alkali metals arc a.ssumed to be zero, the sum 
of ionization potential (in kilocalorie.s) an.I electron kilo¬ 
calories) divided by 130 gives valuc.s which but slightly rom 

the numerical electronegativity values summarized ml able o U 

the halogens, alkali metals, and hydrogen.** 

» R. S. Mulliken: J. Chem. Phys., 2, 782 (1934); 3, 573 (1035). 
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MAGNETIC PROPERTIES 

It is well known that the movement of an electric charge produces a 
magnetic effect. It is to be expected, therefore, that the spin and 
orbital motions of electrons in atoms, molecules, and ions will be 
responsible for the observed magnetic moments* of these materials. 
Each electron, in fact, may be regarded as an individual micromagnet, 
and the total moment exhibited by the material as such may then be 
regarded as the resultant of the moments of all the individual electrons. 

All materials exhibit some degree of polarization or orientation 
when placed in a magnetic field, but two kinds of behavior may be 
distinguished. Thus a substance may be less permeable to the mag¬ 
netic lines of force than a vacuum and as a result may tend to move 
from the stronger part of the field to the weaker part. The field 



Diamagnetic 

behavior 



Vacuum Paramagnetic 

behavior 



Fio. 510. 


Changes in magnetic lines of force when materials are introduced into a 

magnetic field. 


induced in it is in effect opposite to the external field, and the material 
is literally repelled. Such a substance is said to be diamagnetic. 
On the other hand, a substance may exhibit exactly the opposite 
behavior and be attracted to the magnetic field. Such a substance is 
paTamagneiic. The relationship between diamagnetic and para¬ 
magnetic materials is shown in Figure 5*10. In a few instances, the 
fields within materials are increased tremendously (perhaps a million- 
old or more). Substances exhibiting this behavior are ferromagnetic 
and are comparatively rare. Diamagnetic and paramagnetic behav¬ 
ior, owever, are of especial interest in conjunction with the structures 

of compounds and the types of binding present. They will be dis¬ 
cussed in detail. 


The modifying effects of an applied magnetic field upon the motion 
e ectrons render all substances diamagnetic. Even paramagnetic 
materials also exhibit diamagnetism, and corrections for this character- 
must be made in precise measurements of permanent magnetic 

muUbUed hv !r mapietic moment is given by the pole strength 

motion distance between the poles. Magnetic moments due to electron 

motion may be thought of in the same fashion. 
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moments. Diamagnetism is a function of the distrilmtion of electron 
density within an atom, molecule, or ion and arises from the inter¬ 
action of the applied field with filled electron orbits. In diamagnetic 
materials, the effects of the individual ele<'trons are mutually neutral¬ 
ized. .Vmong molecular materials, it i.s characteristic of ail substances 
in whidi electrons are completely paired, especially the organic com¬ 
pounds. It is always characteristic of those species possessing inert 
gas (8-<'lectronl, pseinlo-inert gas (18-electron) or pseudo-inert gas 
4-2 (18 4- 2-elcctron) arrangements. Materials of these types are 
.suminarize<l in lable 5 12.“ As a first criterioti of diamagnetism one 

TABLI-: 5 12 

DiA.M\<;srTU‘ Ionic a.nd Psecho-io.njc Si-e<ies 

Inert Gas Type 

II-— He Li*. Bo-*. B*>. C*\ N’** 

C-‘, N->. 0-». F- - Xe - Xa*, Mr*?, .\1*», Sr*, P*» 

Si *. 1-’. S-». Cl- - .\ «- K*. C:r», Sr*>. Ti**. V*^ 

Ge *. .As-’, Sc-», Br- — Kr — Uh*. Sr*’. V*», Zr*‘, Xb*‘ 

Sn *, S[)-», Te-’. I" . Xe Cs*. Ibi*’. I,a”. Tu*‘) 

Pb-‘, Bi », Po-«, .At--. Un — Fr*. Ka*». .\r*>. Th**. l’a*‘ 

Pseiido-iiiert Gas Type 
Xi • Cii*. Zii*’, Ga*’, G<r‘. .As". Se** 

Pd — .Ak*. OI*’. In*’, Sn**, S^)*^ Te*«, I*’ 

Pt .An*. Hr**. T1*’. Pb**, Bi** 

Pseudo-inert Gas -f- 2 Type 
Ni -F 2 electrons «- Ga*, Ge**, As*’, Se**, Br** 

Pd + 2 electrons *— In*, Sn*’, Sb**, Te**, 1** 

Pt -F 2 electrons •- Tl*. Pb**, Bi** 

may use the presence of an even number of electrons, although as 
shown below this is not always a true criterion. 

Paramagnetic behav'ior is shown when the magnetic effects of the 
individual electrons are not mutually neutralized and is associated 
with the presence of either unpaired electrons or an incompleted 
electronic level. The permanent moments characterizing paramagnetic 
materials are of sufficient magnitudes that their diamagnetic properties 
become unimportant. Unlike diamagnetism, paramagnetism is depend¬ 
ent upon temperature since it is a.s.sociated with orientation of dipoles 
(p. 180) in a field. Although the presence of an odd number of elec¬ 
trons is commonly characteristic of paramagnetic substances, lack of 
electron pairing may occur when an even number of electrons is 
prc.sent if the principle of ma.ximum multiplicity, or single occupancy 
of available orbitals, is obeyed (p. 93). Paramagnetism is common to 
many ions derived from the transition and inner transition metals, to 
*’ R. F. Robey and AV. M. Dix: J. Chem. Education, 14, 414 (1937). 
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molecules containing odd numbers of electrons, to a few molecules 
containing even numbers of electrons but unpaired electron spins 
(e.g., Oj), and to many complex ions (p. 261). It is often a property 
of considerable importance and utility. 

It has been pointed out that both the spin and the orbital motion of 

an electron are sources of magnetic moment. The total magnetic 

moment of a material is then made up of two components, the so-called 

s'pin and orbital contributions. Both these contributions are due to 

the presence of unpaired electrons, but in many instances these 

unpaired electrons are in effect the outermost ones in the species under 

consideration and are not screened by other electrons. In such cases, 

the spin contribution becomes important, and the orbital contribution 

may be neglected. This amounts to a cancellation of the greater 

portion of the orbital contribution by the interaction of these materials 

with other ions in solution or in the crystalline state. The most 

common examples embrace ions of the transition metals. On the 

other hand, when the unpaired electrons lie well within the ions and 

are screened by outer electrons, as is true among ions derived from the 

inner transition metals, the orbital contribution cannot be neglected 

and must be combined with the spin contribution to give the total 
moment. 

When a substance is placed in a magnetic field of H gausses or 

oersteds,* the total magnetic flux B in the substance is given by the 

relation 


B ^ H M (5-3) 

where I is the intensity of magnetization. The so-called magnetic 
•usceptHyaUy per unit volume (k) is then 


•c = I/H 

and per unit mass K/g or I/Hg, where g is the density, 
to express magnetic susceptibUity per gram of material 
gram mole by x«. It is apparent that 


(5-4) 

It is common 
by X and per 


x« = ^fK/g (5-5) 

ma^if ^ ™®*®^'**^*' weight. The magnetic permeability of the 

matenal, m, is defined by the relation 

y- = (5-6) 

Whence Equation 5-3 then reduces to 


•Afieia f (5-7) 

aetic pole it ®“®h intensity that a unit mag- 

u acted upon with a force of one dyne. 
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The susceptihility (x) of a diamagnetic materia! has a small negative 
value, whereas that of a paramagnetic substance has a positive value 
of somewhat larger magnitmle. Variation in susceptibility with 
temperature is given, empirically, by the Curie law 

X = err (5-8) 

or tlie ('urie-Weiss law 

X = C/{T - A) (5-9) 


C being a constant, and A the Curie point. More exact expressions 
derived from the (juantum mechanics may he found in more com¬ 
prehensive treatments than this one.®^-’^ 

The permanent magnetic moment of a material, fin, is of more 
importance in describing the properties of a paramagnetic substance. 
Xumerically, this is expressed in Bohr magnetons, the Bohr magneton, 
n,, having the magnitude 5504 gau.ss-cm. per gram mole and being 
given by tlie expression 


he 

4irmc 


(5-10) 


where h is the Planck constant, e the electronic charge, c tlie velocity 
of light, and m the electron mass. The magnetic moment is related 
to the mole susceptibility by the Langevin expression 



UT 


(5-11) 


where .V is Avogadro’s number, k the Boltzmann constant, and T the 
absolute temperature, or by some modification thereof. 

For many cases, the permanent moment is given by the expression 

U + Uh~+T) (5-12) 

where S is the resultant spin angular momentum and L the resultant 
orbital angular momentum (see Ch. 3). For those cases where the 
orbital contribution is .small and can be neglected, the moment then 

bec-omes 

= v/4X(.S’ + T) = 2V.S(XTT) (•V13) 

and since the number of unpaired electrons (n) equals 2.S', the moment 
may be related directly to the number of such unpaired electrons by 

the expression 

«J. II. Van N'lcck: Theory of Electric and Magnetic Smceptihilities. 0.xf«nl 

University Press, London xt v i, /man 

op. W. Sebvood: Magnetochemistry. Interscience Puhlisliors, New York (i 
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Thus the expected moment for one unpaired electron would be the 
\/3 or 1.73, for two the \/S or 2.83, and so on to values of 3.87, 4.90, 
5.92, and 6.93 for 3, 4, 5, and C unpaired electrons, respectively. As a 


Ideal configuration 



Species 


<3. 6 H. Magnetic moments of ions of elements in first transition series and 

beyond. 


rs approximation, then, the moment of a material may be calculated 
oh ® unpaired electrons is known, or conversely the 

naoment may be used to indicate the number of unpaired 

tives^^Tfk^*^^^ ■ ^ procedure is well adapted to deriva- 

calcnl«*^i/i ^ metals is shown by the comparison between 

ftu observed moments summarized in Figure 5*11 for ions 
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from the first transition series a?\d those immediately following. The 
principle of maximum multiplicity (p. 93) is thereby confirmed. 

In cases where orbital contribution must be considered, the situation 
is so complicate<l as to l)e beyond the scope of this book. As an 
example, one may cite values for the tripositive lanthanides sum¬ 
marized in rigure j 12. If electron spin alone were responsible for 



Fig. 512 moments of triposilivo Iftnthanidc ions. 

observed efTects. a curve peaking at Gd"^* (i.c., .seven unpaired 4/ 
electrons) would result. The biiiodal curve is due to the combined 
spin an«i orl)itnl effects. 

.Applications of the principles outlined above will be found in later 
chapters, particularly in connection with the natures of the bonding in 
coordination compounds (pp. 2o0-2tll). Kor specific details about the 
relation of magnetic properties to prol)lems in inorganic ciicmistry, 
the t(ixt by Selwood should be consulted.” 
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CHAPTER 6 


Characteristics Dependent upon 
the Extranuclear Structures 
IL Valency and the Chemical Bond 


Valency is a term which has had many meanings. In its broadest 
sense, it is a term used to describe the power or ability which elements 
possess to combine with one another. In this sense, it has an intangi¬ 
ble quality which requires more adequate and rigid definition. A 
chemical bond, on the other hand, is more definite in that it may be 
regarded as the force which actually holds two chemical entities 
together. It is apparent from the discussions in previous chapters 
that the fundamental abilities of elements to combine with each other 


are related to the extranuclear structures of their atoms. It is the 
purpose of this chapter to explore this relation in some detail and to 
point out, in terms of the extranuclear structures and other character¬ 
istics dependent upon them, what types of bonds may be expected and 
what their properties may be. As will be shown, these bonds are in 
general either electrostatic or non-electrostatic in character. 

The development of modern views on valency and bond formation 
of necessity, paralleled closely the development of the theory of 
a me structure. In order that the picture may be complete and 
a current views may be appreciated more completely, it is of 

^‘®c«ssion with a brief summary of the more 
w^facant developments which have influenced current electronic 


development of the electronic theory of valency 

significant contributions need be considered 

workHi '=°“'P*‘®hensive treatments available reference 

should be consulted. After the development of Dalton’s 

Bronte Theory of Valency, Ch. IV. aarendon Press, 

Ca^’bridge Uni- 

J7I 
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atomic theory ^p. 5), Berzelius (in 1812) assumed the attractive 
forces between atoms in chemical compounds to be purely elec¬ 
trostatic in character and thereby provided the first really significant 
ideas in terms of moilern thought. Although the views of Berzelius 
were >trongly supported by Kara<hiy’s statement (in 1834) of the laws 
of electnu hemical ecpiiN aleiice aiul by the phenomena of electrolysis 
111 general, they were discarded as being universally applicable after 
the dis( <)\'erv of such organic reactions as the replacement of positive 
hydrogen bv negative chlorine without profound alteration in prop¬ 
erties A rival theory, based largely upon structural views and free 
from any assumptions as to the natures of forces between atoms, thus 
arose and, because of its widesjiread applicability to organic com- 
pouiuis, soon superseded the theory of Berzelius. Of course with the 
development of Arrhenius’s views on electrolytic dissociation, atten- 


Abecg’s Table of 
Periodic group 0 

Norrnul \alency 0 

Contravulemy 0 


TABLE 6 1 
Maximcm Vai.escies 
I II III 
+1 +2 +3 

(-7)* (-6) (-5) 


AND Contravalencies 


IV V 

VI 

VII 

±4 -3 

-2 

-1 

+5 

-h6 

+7 


Values in parcnthc.ses ni>t observed. 


tion was directed again toward electrostatic attractions, and it became 
apparent that two types of valency, ionizable and non-ionizable, exist. 
That more attention was not directed to this difference is due doubtle^ 
to deplorable lack of cooperation and understanding between the 
inorganic and organic chemists in whose hapds investigations onhe 
properties of compounds lay. The views of Werner (pp. 229-230) 

did much to resolve the difficulty. 

With the discovery of the electron (p. 7), developments came 
rapidly. Thomson himself felt that valency must be associated wi 
electrons and suggested that electrostatic attractions resulting rom 
the transfer of elec trons from one atom to another were possi e. 
developing his penodie tnhle, Mendelieff had indicated a re ation 
between valence number and the group in which the elemen wa 
nlaced (p 113). In 1004. Abegg* expanded this concept mo 
l::itd“ rnle-,>f-eigh. hy as. rii.ing to each elentent both —m 
positive and negative valence numbers such that the 
(signs not considered) is eight, the positive valence n ^ 

C(,ual to the periodic group nundier. .\begg’s views j 

m Table 01 It is at once apparent that the type formulas for 

) Abegg: Z. anorg. Chem., 39, 330 (1904). 
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hydrides and oxides characterizing so many early periodic tables are 
expressions of this rule of eight. The significance of Abegg’s views was 
aptly summarized and put into essentially modern terminology by 
Drude, who stated* that “Abegg’s positive valency number v signifies 
the number of loosely attached negative electrons in the atom; his 
negative valency number means that the atom has the power of 
removing y' negative electrons from other atoms, or at least of attach¬ 
ing them more firmly to itself.” 

The significance of this observation was not apparent until after the 
elucidation of atomic numbers by Moseley in 1913 (pp. 12-14). 
All modern views may be traced to two important and independent 
papers published by Kossel‘ and Lewis* in 1916. Inherent in both 
papers are views on the stabilities of the 8-eIectron outer arrangements 
in the inert gas elements (plus the 2-electron arrangement in helium) 
and the tendencies of elements with atomic numbers close to those of 
the inert gas elements to achieve these structures through involvement 
of the outermost electrons in their atoms. 


Kossel* directed attention to the strongly electropositive character¬ 
istics of elements just following the inert gas elements in atomic 
numbers and the tendencies of these elements to possess positive 
valence numbers. Likewise, he pointed out the strongly electro¬ 
negative characteristics of the elements just preceding the inert gas 
elements in atomic numbers and their corresponding tendencies to 
show negative valence numbers. On this basis, he proposed that the 
atoms of such elements lose or gain sufficient electrons to achieve the 
structures of inert gas atoms when they enter into chemical combina¬ 
tion with each other and that the compounds so formed consist of 
ions. The ionic charge or the number of electrons lost or gained thus 
became the valence number. In support of these views, Kossel pre¬ 
sented a diagram, like Figure 61, in which the constancy of the total 
number of electrons present in ions derived from a number of elements 
of adjawnt atomic numbers is shown. It is apparent that the inert 
gas configurations are either achieved or closely approached in a sig- 
mficantly large number of cases. It is also apparent that other con- 
gurations, notably the mckel group structures where 28, 46 and 78 

aeffievp'd ’ gas structures), are also 

acWved mth considerable frequency. Kossel’s views clearly provide 

(DD m by electron transfer 

(pp. 178-181) and have been of inestimable value in systematizing 


I (41, 14, 677 (1904). 

• o(41. 49, 229 (1916). 

. N. Lewis: J. Am. Chem. Soe., 88, 762 (1916). 
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ionic (electrovalent) compounds. Kossel himself recognized, however, 
that many compounds could not be fitted into this concept, a very 
important class being that in which decision as to which element is 
positive and which negative is difficult. 

This difficulty was overcome, in large measure, by the postulates of 
Lewis.* The views of Lewis, although agreeing with those of Kossel 



Fio. 61. Oxidation stales of the elements on a Kos-se! type plot. 

as regards the stability of the inert gas electron arrangements, differed 
.significantly in that approach to these arrangements was thought ol 
resulting from the sharing of electrons between alom.s Using t 
now familiar cubic atomic models, Lewis pictured the structures o 
many simple molecules, the shared electrons between “"y U™ » 
being considered as belonging to both atoms and coiitrihii ing to ert 
gas atom structures for both. Compounds so described 

ionic in character, the essential opposites of those , ly 

Lewis’s views were adopted by Langmuir and were considerably 
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extended by him. It was Langmuir’ who suggested the term covalence 
to describe the sharing of electrons as opposed to electroval&nce to 
describe electron transfer. 

It was perhaps logical that the cumbersome cubic models be replaced 
by the mere symbols for the elements associated with sufficient dots, 
crosses, etc., to represent the valence electrons (i.e., those in the high¬ 
est quantum level or levels). The familiar symbolism expressed by 
such notations as 

• » »• 

Na+ : Cl H : Cl : 


is a direct consequence of the cubic Lewis valence model of the atom. 

Subsequent developments have centered largely in extensions and 
modifications of the Kossel and Lewis concepts and in their incorpora¬ 
tion into modern quantum theory. The significance of the electron 
pair became apparent more or less empirically before its necessity 
was predicted theoretically. Its incorporation into electronic formulas 
followed and did much to simplify the systematization of chemical 
compounds. Such electronic formulas based upon these concepts 
remain useful and should continue to be so for many years to come. 

Much of modern development has been concerned not so much with 
the facts that electrons may be lost, gained, or shared as with explain¬ 
ing why they may be and what the mechanisms of such involvement 
are. Development of the concept of the chemical bond as a force 
holding groups together has made it apparent that a variety of such 
forces may exist, those of the Kossel and Lewis types being only two 

of the most common. Those which we may consider may be classified 
conveniently as: 

1. Electrostatic bonds and attractions. 

0 . Ionic or electrovalent bonds. 

h. Miscellaneous electrostatic attractions. 

c. Hydrogen and hydroxyl bonds. 

2. Non-electrostatic bonds and attractions. 

o. Non-ionic or covalent bonds. 

b Miscellaneous non-electrostatic attractions. 

o. Metallic bonds. 


importance and limitations of the “RULE OP EIGHT- 

I. lAngmhir: J, Am, Chem. Soe., 41, 868 (1919). 
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since its elucidation by Kossel and Lewis that this arrangement is 
often thought of as being tlie only possible one or as controlling all 
chemical characteristics. Much of this emphasis is undoubtedly due 
to the rigidity with which the rule does apply to most organic com¬ 
pounds and to the fact that the properties of the majority of the more 
common elements can be exjdained adetpiately in terms of it. Actu¬ 
ally, of course, there is no magic in the octet concept, and its applica¬ 
tion is limite<l to those elements the atomic numbers of which differ 

bv no more than three or four units from those of the inert gas elements. 

% 

rhe inert gas arrangement {ns-np*) is undeniably one of stability, 
This is evidenceil by the breaks in energy level diagrams at the inert 
gas configurations (p. 94) and by the high ionization potentials associ¬ 
ated with penetration into these arrangements (pp. 155-159). This 
stability is <iue to the presence of closed shell configurations which 
cause both the resultant spin momentum and the resultant orbital 
angular momentum {p. 90) to be zero and thus render interaction 
with electrons in other atoms negligible. Although this is true in 
neutral atoms, it is not in ions which have achieved the same con¬ 
figurations because of the electrostatic forces which such ions may exert 
upon other bodies. It is not surprising that atoms of elements close 
to the inert gases in atomic numbers should achieve these structures. 
However, the demands of high ionization potentials and low electron 
afiinities are such for elements which are several places removed from 
the inert gases in atomic numbers that they cannot achieve inert gas 
arrangements. Overemphasis on the octet must, therefore, e 

avonlcd. . * a Kv 

That a variety of ionic configurations may result is indicated oy 

tlie summary niveii by Fo.sler,' In brief, the following ionic structures 
may be distinguished; 


1. Regular configurations 
a. No ekM'trons: 

T-* 

6 'Lwo electrons (helium structure): 

H He- Li^ Re"- 

c. Eight electrons (inert gas structures): 

() j I.'-_ Xe - Na". AI” 

CI--A-K", Ca■"^ Sc"> 

Rr- - Kr - Rb+. Sr-"S Zr"^ 


»Ii. S. Foster; ./. Chnn. Eduration, 16, 409 (1939). 
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Te-*, I--^ Xe ^ C8+, Ba+2, La+S Ce+* 

At“—> Rn Fr+, Ra+®, Ac+^ Th+< 

d. Eighteen electrons (nickel group structures): 

Ni Cu+ Zn+^ Ga+* 

Pd ^ Ag+ Cd+®, In+* 

Pt Au+ Hg+», Tl+> 

e. Eighteen plus two electrons (zinc group structures): 

Zn *— Ga+, Ge+*, As+* 

Cd^In+ Sn+^ Sb+* 

Hg ^ T1+, Pb+*, Bi+* 

2. Irregular configurations 
o. Ions such as Hgj+* 

b. Many ions derived from transition metals, e.g., V+* V+* 

Cr+*, etc. ’ ’ 

c. Ions derived from inner transition metals, e.g.. Nd+* Gd+® 

Eu+*, Am+*, Cm+*, etc. * 


The majority of these configurations are in accord with those one 
would expect from the arrangements of electrons in the neutral atoms 
(pp. 98-101). In the “eighteen plus two" structures, an individual 
electron pair which is available for combination is not involved. This 

wthe inert pair” of Sidgwick.* It amounts to a pair of s electrons 

r lL"^ L sufficient energy to cause unpairing 

(p. 196) has not been supplied. 

The octet concept shows a simUar lack of universal applicability 
among materials containing covalent linkages. Although compounds 
f many of the elements, especially carbon, are treated adequately 
y this generalisation, many others are not.'" Typical of these 
are many halides (e.g., BeCl,, BCl,, AlCl., PF., SF., WCl. OsF ) 

n^aT carbonyVs (pp 7 ^ 

Oriord (1927)ninn.' ViOency. p. 179, Qarendon Press, 

W. F. Luder: J, Chem. Education, SS, 221 (1946). 
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focused upon it. It is much more important that attention be directed 
to the important phenomenon of electron pairing (p. 175). The 
concept that electrons seek to pair with each other is nearly universal 
in application and js always useful as a first approximation in predict¬ 
ing chemical behavior. 'I'his '‘rule of two"'® is far more fundamental 
than the “rule of eight." 


ELECTROSTATIC HONOS AM) ATTRACTIONS 


Ionic or electrovaletit linkages 

The ability of atoms of an element to lo>>e electrons is measured by 
the various ionization potentials cbaracttuiz'ng that element. Con¬ 
versely, the ability to gain electron.^ is measured by the electron 
afhnity or the elcctronegati\ ity. It would follow, therefore, that ionic 
linkages re.sniting from electron transfer shouhl occur nu).'>i commonly 
between elements with comparatively low ionization potentials and 
elements with compatativiuy high electron affinities. Under such 
conditions, although the amount of energy available from the electron 
affinity is not ordinarily snfhcient to .'^upply that required for electron 
loss, sufficient energy becomes available through the electrostatic 
attractions between ions of unlike charges in crystals of the resulting 
compouml to permit anion and cation formation. .As the ionization 
potential increa.ses, more and more energy must be supplied to render 
the product ionic, and the net result is the formation of a covalent 
linkage unless the energy of solvation of the ions (p. 294) or the lattice 
energy (p- IHl) is particularly large. In the crystalline condition, 
such compounds con-sist of orderly geometrical arrangements of ions 
held in fixed positions by balanced coulombic forces. When fused, 
these compounds retain their ionic characteristics, although the ions 
become mobile. Even in the vapor state, there are evidences for the 
existence of ion pairs. In truly ionic compounds, therefore, no mole¬ 
cules are present—only aggregations of charged particles, 
chemical formulas characterizing ionic compounds represen 
stoichiometries necessary to algebraic balances of ionic c larges an 
have no molecular implications. Likewise, the term molecular weight 

i.s not strictly a correct one. Formula weight is 

The orderly arrangements of ions in ionic crystals av 
lioned in connection with the discussion of ionic radii (pp. ■ > 
Crystals of non-ionic materials are equally order y. , . , 
subiect of crvstal chemistry as such has no real place m this book. 
:.o attLpt. therefore. w.llVe made to discuss crystals m a compre¬ 
hensive way. However, a summation of some of the pnntip yp 


Ch,6 


Ionic or Electrovalent Linkages 


179 


of crystal arrangements will aid in clarifying subsequent discussions. 
The more important crystal types are summarized in Table 6-2, and 

TABLE 6-2 
The Crystal Systems 



Lengths of 

Arrangement of 


System 

Crystal Axes* 

Crystal Axes* 

Examples 

Cubic or regular 

a *" 6 = c 

o = ^ » Y » 90* 

NaCl, CsCl, CaO, Cu 

Tetragonal 

a - b ^ c 

a “ “ Y “ 90* 

SnOi, KjPtClj, 8n 

Orthorhombic 

0 ^ 6 ^ c 

a “ /3 “ Y =* 00“ 

HgCl,. KiSOd, It 

MonocHnic 

a ^ b c 

/5 - Y “ 90* 
a 9«f 90* 

Kao*, K,Fe(CN),, 8 

Triclinic 

a ^ b e 

a 9^ 0 yi y yi 90" 

CuSO.-5H,0, K,S,0, 

Rhombohedral 

0 = 6 « c 

a =* =» Y ^ 90“ 

AltOi, As, Bi 

Hexagonal 

o «= 6 c 

a ~ 0 ^90" 

Y - 120* 

SiOt (quarts), Agl, Zn 


• Crystal axes lie along coordinates in space, the lengths being o, b, and c and 
the angles between them a, /9, and y. 


these are shown pictorially in terms of arrangements of constituent 
ions in the unit cells in Figure 6*2. For more detailed discussions, 
standard works”"** on crystal chemistry should be consulted. 

The magnitudes of ionic charges, or the oxidation numbers* of the 
elements in electrovalent compounds, are limited. Consideration of 
ionization potential data (pp. 156-159) indicates highly charged cations 
to be energetically incapable of existence except under such extreme 
conditions as those existing in arcs or discharge tubes or in hot stars. 
In crystalline compounds, cations with charges greater than two are 
uncommon, whereas cations with charges greater than three probably 
never exist except with the heaviest elements (e.g., Th+*) Corre- 
spondin^y, the addition of more than two electrons to form simvU 
amons is energetically impossible except perhaps with nitrogen 


“ R c' Book Co., New York (1938). 

Pr^, London (“ 939 !" Cembridge University 

CWorf *"■* Ed- Clarendon Pre», 

PnbIUhfrs,7ew^Yo1k Ti 94^ ■" I»‘«'"oionce 

be*sd°d1^ta"crn't: je s n;u“rs7:w”’o:\Y nT^" 

which must be removed from an anion trs ' number of electrons 

compound ions or radical ions such as ammonLm^^T^ 

characteristic oxidation numbera The oxiH«f' 1 c^lwnate must also have 

to maleriaU held by covaleot Itakages to 2lir”! 

Charge or effective charge associated ^ith In ^i ^ mdicating the 

»>i..ent ee to the type o( bonding ^vr^^toroTl^r “L^yT 
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CUBIC 

a-d--)f-90* 

o-6"<r 



Simple Face centered Body centered 


tetragonal 
a-3->-90’ 
a- 6»*c 



Simple Body-centered 


MONOCUNIC 

3.7-90»a»‘90* 



Simple End (ace-centered 



Simple 

tricunic ^ 

a^i3^y^90 



ORTHORHOMBIC 

a-/3->-90* 


End face-centered 

rhombohedral 

0-0-7** 90* 
a —6*c 






Facecentered 



Fio. 0 2. Unit r»‘ll3 m th«* crystal syatt-mfl. 
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(p. 558). Simple anionic species are thus limited to H“, F , Cl , Hr . 
I-, At-C?), 0-=, S-^ Se-S Te-^ Po-'(?), N->. On the other hand, 
complex cations and anions with larger charges are not uncommon. 
In polar solvents, solvation effects often permit the existence of highly 
charged ions. I 

Compounds containing ionic linkages are characterized by rather 
well-defined sets of properties. Among these are the following: 


1. Electrical conductance, with material transfer, just below the 
melting point, in the fused condition, and in solution in polar solvents. 
This is due, of course, to ions. 

2. Comparatively high melting and boiling points. In both fusion 
and vaporization, the expenditures of rather large amounts of energy 
are essential in overcoming electrostatic forces of attraction. Melting 
points are useful but not absolute criteria, since they are also influenced 
by such factors as crystal structures. 

3. Solubility in associated or polar solvents with high dielectric 
constants. Tliis subject is considered in more detail in Chapter 10. 


Possession of these general characteristics may be taken as a first 
criterion in determining the presence of ionic linkages. This fact is 
made apparent for a group of metal chlorides by the data summarized 
in Table 6-3. It must be pointed out. however, that only in a limited 
number of cases does one encounter pure ionic bonding. The majority 
of the known inorganic compounds occupy intermediate positions 
between the extremes of pure electrovalence and pure covalence. 

Many of the characteristics of the ionic linkage are related to the 
formation and destruction of ionic crystals. Such properties are 
dependent upon the forces existing within these crystals and are 
related to ionic size, to oxidation state, and to electronic configuration 
Among such properties are heat of formation, heat of sublimation, 
eat of combustion, heat of solvation, compressibility, hardness, 
melting point boiling point, solubility, tendency toward solvolysis 
acidity, and basicity. It is instXictive to determine whether these 
are related to crystal stabilities in a quantitative way, or whether the 
relationships can be no more than qualitative in nature 

entt o lattice 

The crystal or lattice energy of an ionic 

neaatte ^ ^ of positive and 

from eacroTer'bv 

When such a process occurs, one must consider not only the attractive 
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forces existing between ions of opposite charges but also the repulsive 
forces of ions of like charge as these ions approach each other in form¬ 
ing the crystal. Inasmuch as the crystal is three-dimensional, the 
lattice energy for a particular compound cannot be obtained directly 
by considering the attractive and repulsive forces alone or in combina¬ 
tion unless correction for crystal geometry is made. It can be shown 
that the lattice energy may be calculated, using the relation 

where Uo ’is the lattice energy, e is the unit of electrical charge, z is the 
highest common factor of the oxidation numbers of the two ions, N 
is the Avogadro constant, ro is the interionic distance, n' is a constant 
called the Born exponent (p. 138), and A is a constant called the 
Madelung constant.*^ The Madelung constant is the geometrical 
correction factor, its numerical magnitude being determined by the 
type of crystal lattice. Typical Madelung constants for a variety of 
crystal types are summarized in Table 6-4.'* 


TABLE 6-4 


Values of Madelung Constants 


Crystal Type 
Sodium chloride 
Cesium chloride 
Sphalerite 
Wurtzite 
Fluorite 
Cuprite 
Rutile 
Anatase 

Cadmium iodide 

^Quartz 

Corundum 


Madelung Constant 
1.747658 
1.762670 
1.63806 
1.641 
5.03878 
4.11552 
4.816 
4.800 
4.71 
4.4394 
25.0312 


The magnitude of the lattice energy is thus determined by a number 

of factors, of which oxidation state is obviously the most important. 

Any decrease in either cation or anion radius or in both will increase 

the lattice energy. In general, a large value for the lattice energy is 

indicative of considerable crystal stability since it means that only 

those precedes which supply relatively large amounts of energy can 
disrupt the lattice. ^ 


In the majority of caaes, direct evaluation of lattice energy is eith, 

esaential data. However, lattiee energy may be related to ordinal 
J. Sherman: Chem. Rat., 11 , 93 (1932). 
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thonnoehemical quantities by means of the so-called Born-Haber 
cycle.This Is an approach based upon the assumption that the 
formation of an ionic crystal may occur either by direct combination 
of the elements or by an alternative proi'ess in winch the reactants are 
vaporized, the Kaseous atoms are converted into ions, and tlie gaseous 
ions are coml'ined to give llie prtxluct. For a simple substance such 
as an alkali metal halide such a proce.'^s might be formulated 

MXis, M-tg) + X-(g) 

T T T 

Q +1 -S 

+ S + JD , 1 

M(s) 4- -' M(k) + Xfg) 

each step being deiiotc'd by an eriergy (|uantity. I'liese have the 
following signihcatices: 

i’o — lattice energy of crystal MX. 

/ = ionizaliot! potential of nu'tal M. 

= electron affinity of halogen X. 

S = sublimation ettergy of metal M. 

D = dis.sociation energy of rnc)lecular halogen Xj. 

Q = orditiary thermo< hemical heat of formation of solid MX. 

A negative sign a.ssocialed with an energy cjuantity indicates evo¬ 
lution of energ\’: a po.sitive sign indicate.s absorption of energy. Ittas- 
miich as the same product is obtained from the same reactants by 
either path, the total energy changes must be etpial in the two paths. 

(t follows that 

-y = .X t in + !-!■:- 


or, sol\ iiig foi I 0 , that 

Uo = + .S' + ^ 


(0-3) 


Thus lattice energies can be calculated if other thermochemical qiian 
tities are known. In early practice, however, lattice energies as calcu¬ 
lated by Equation G-l were employed to evaluaU* electron attimties. 
The relations among these (luantities for a few typical ionic compoun s 

are shown in Table 0-.3. 

Inasmuch as the thermal stabilities of compounds arc often charac¬ 
terized in terms of their heats of formation, it is of interest to examine 
this (luantity in more detail. As shown by Equation G-2, fiea^ o 
formation of a crystalline ionic compound amounts to a com ina i 


n M. Bora: VerhanJl. dad. physik. Gm., 21, 13 (IhiO). 
n F. Hahcr: Vtrknndl. dtul. physik. Cea., 21, 750 (1919). 
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TABLE 6-6 

Born-Haber Ctcle Data for Certain Ionic Compounds 


Compound 

Q, kcal. 

S, kcal. 

\D, kcal. 

I, kcal. 

E, kcal. 

U, kcal. 

UF 

144.7 

38.3 

32.2 

123.8 

98.9 

240.1 

NaF 

136.6 

26.0 

32.2 

118.0 

97.8 

215.0 

KF 

134.5 

21 7 

32.2 

99.6 

97.0 

190.4 

RbF 

132 8 

19.9 

32.2 

95.9 

99.0 

181.8 

CsF 

131 5 

19 I 

32.2 

89.4 

1 

1 

1 99.4 

1 

172.8 

Lia 

97.5 

1 

j 38.3 

28.9 

1 

123.8 

95.2 

193.3 

NaCl 

, 98.2 

26.0 

i 28.9 

118.0 

90.7 

180.4 

KCl 

104.9 

21.7 

28.9 

99.6 

90.7 

164.4 

RbCl 

104.9 

19.9 

28.9 

95.9 

90.7 

158.9 

CsQ 

106.6 

19.1 

28.9 

89.4 

95.1 

148.9 

LiBr 

83.7 

38.3 

26.9 

123.8 

89.6 

183.1 

NaBr 

86.3 

26.0 

26.9 

118.0 

85.6 

171.7 

KBr 

94.2 

21.7 

26.9 

99.6 

84.6 

157.8 

RbBr 

96.1 

19.9 

26.9 

95.9 

80.3 

152.5 

CsBr 

97.5 

1 

19.1 

26.9 

89.4 

89.4 

143.5 

Lil 

65.0 

38.3 

25.4 

123.8 

81.8 

170.7 

Nal 

09.5 

26.0 

25.4 

118.0 

78.1 

' 160.8 

KI 

78.9 

21.7 

25.4 

99.6 

76.6 

149.0 

Rbl 

80.8 

19.9 

25.4 

95.9 

77.8 

144.2 

CbI 

83.9 

19.1 

25.4 

89.4 

81.7 

^ 136.1 

MgO 

146 

36.6 

59.2 

520.6 

-178 

940.3 

CaO 

161.7 

47.5 

59.2 

412.9 

-171 

842.3 

8 rO 

141 

39.7 

59.2 : 

383.8 

-167 

790.7 

BaO 

133 

49.1 

59.2 

349.0 

-157 

747.3 

MgS 

82.2 

36.5 

66.6 

520.6 

-72.4 

778 3 

CaS 

A_ A 

114 

47.5 

66.6 

412.9 

-80.8 

721 8 

BrS 

113 

39.7 

66.6 

383.8 

-84.3 

687 4 

BaS 

111 

49.1 

66.6 

349.0 

-80.2 

655.9 


of a number of energy terms. It is apparent that changes in its 
magmtude will result from alterations in any of these terms Two 
compounds are best compared, therefore, by taking into account all 
the steps summarised m the Born-Haber cycle. When this is done 
the relative effects of individual steps become obvious, and a more 

Fre^xTnr -f «‘%«‘<‘bUities of the compounds is obtained 

.h.rSf.'/iSS.'i'z r rr " 
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reverse is true. This coiulition is due primarily to the proportionally 
hirj;er lattice energies resulting from the closeness of approach of small 
metal and fluoride ions. 

(.)ther applications of tlie concept of lattice energ}’ and the Born- 
llaher cycle will appear in suhse^juent discu.'vsions, particularly in those 
dealing witli soluhilities (pp. 3T2-1M I), with jiolyhalides (pp. 4')4—155), 
ami with ionic compounds of the alkali (pp. 831 832) and alkaline 
earth (pp. SoO-SoO) metals. 

\fiscellaneous electrostatic attractions 

.\ numher of electrostatic attractions which are uniformly weaker 
than those noted in strictly ionic eoinpound.s m.ay be distinguished. 
These invariably involve dipolrs. \ chemical dipole arises when an 
uiie<jual charge distribution exists between two at()m.s within a mole¬ 
cule. This condition may result in a diatomic molecule because of 
dilTerenccs in the electronegativities of the two atoms or in an angular 
polyatomic molecule where a similar electronegativity difference 
occurs. \ dipole is in effect then a non-ionic material in w’hich one 
end bears a positive or a negative charge with respect to the other. 
The magnitude of this charge difference is expressed in terms of the 
dipole moment (n), that is, of the product of charge by the distance 
between the charge centers. Dipole momenU have magnitudes of 
the order of I0“'“electrostatic unit (1 X 10“'*esu = iDebyeorlD). 

Thus simple molecules such as those of the hydrogen halides have 
dipole moments. As might be expected, the numerical magriitude 
of the dipole moment increases with increasing electronegativity of 
the halogen in this series {from 0.4 X 10“’* for HI to 1.9 X 10“'* for 
HF). f)n the other haml, a carbon dioxide molecule has zero dipole 
moment, even though carbon and oxygen differ markedly in electro¬ 
negativities (p. 103). Since each C—0 bond must possess a dipole 
moment, the obvious conclusion is that the atoms must lie in a straight 
|jj,p (Q—Q—O) for the individual dipoles to be opposed and to neutral¬ 
ize each other mutually. Water, however, has a dipole moment of the 
order of 1.71-1.97 X 10“'* esu, indicating that the molecule must be 
angular in arrangement. Experiment shows this to be true, the HOH 
angle being about 104“40'. Since negative charge resides in the oxygen 
and positive cliarges in the hydrogens, the dipole here is essentially a 
resultant as shown by 
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The existence of dipoles permits apparently neutral molecules to 
attract ions and other such molecules and results in combinations 
which, although often apparently stoichiometric, are not related 
to electron transfer or sharing. Among such attractions are the 
following: 

1. Dipole-dipole attraclions. Two dipoles will of course attract each 
other, leading to an alignment of molecular particles such as one finds 
in many associated liquids of the polar type (p. 339). Although such 
attractions are not large, they are of sufficient magnitude to alter 
profoundly such properties as vapor pressure and boiling point. 

2. Ion-dipole atlractions. Strong dipoles such as water are strongly 
attracted to both positive and negative ions. The solvation of ions 
and the related phenomenon of the dissolution of an ionic substance in 
a polar solvent {p. 339) are thus dependent upon ion-dipole attractions. 
It is probable that many so-called coordination compounds (Ch. 7) 
exist because of attraction of this type. 

3. Ion-induced dipole attractions. Strongly negative or strongly 
positive ions, when brought in the neighborhood of molecules the 
electrons of which are comparatively far from centers of positive 
attraction, disturb these electronic arrangements sufficiently so that 
induced dipoles result. An attraction will then exist between the 
ion and the induced dipole. Again, certain complex ions, e.g., the 
triiodide (I»”), apparently form in this way. 

4. Dipole-induced dipole attractions. Strong dipoles may induce 
dipoles in materials with easily deformable electronic arrangements in 
the same fashion as do ions. The resulting attractive forces would be 
expected to be somewhat weaker on the average than those characteriz¬ 
ing the ion-induced dipole types. A few instances of such combina¬ 
tion, among them the inert gas element hydrates (p. 381), are known. 

6. Induced dipole-induced dipole attractions. Such attractions are 
extremely weak, but they do exist between certain neutral atoms or 
molecules as a result of the fluctuating dipoles produced by continuous 
changes in the intensities of charge concentrations in electron atmos¬ 
pheres. The liquefaction of the inert gas elements is apparently due 
to such attractions (p. 376). 

The hydrogen bond 

That the hydrogen atom may under appropriate conditions be 
attracted simultaneously to two more electronegative atoms, instead 

t ° n r®’ between the two, 

18 well known. Originally conceived of as a situation involving 
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coviilently Inikcil hyilrogeii. the hydrogen bond is now recognized 
as being primarily electrostatic in character. The hydrogen atom, 
with its single Is orbital, is incapable of forming more than a single 
covalent bond; therefore, formulations which retpiire addition of an 
extra pair of electrons to the hydrogen atom cannot be given credence. 
Nor can it always be said that the hydrogen atom involved shifts 
tautomerically from one electronegative atom to the other. 

The hydrogen bond was probably first recognized as being of com¬ 
mon occurrence and of considerable importance by batimer and Rode- 
bush,'^ although some years earlier its existence between nitrogen and 
oxygeti in trimethyl ammonium hydroxide had been postulated,” 
and it liad been used to acc-ount for the reduced acidities of phenolic 
Inalrogens ortho to carbonyl groups in benzenoid compounds.’® Lati¬ 
mer and llodebijsh used the concept to account for association in 
^^■ater and licpiid hydrogen fluoride, for existence of high dielectric 
constants among these materials, for the .slight ionization of aqueous 
ammonia, and for association of acetic acid into tlimeric species. 
Sub>e<juently, numbers of examples of hydrogen bonding have beeJi 
found. 

Hydrogen boiuls are noted only between highly electronegative 
atoms such as fluoriiu*, oxygen, chlorine, and nitrogen, although there 
are evidences tliat carbon which ha.s be(!n highly .substituted with 
negative group.s (e.g., C'lK'H, li(’N) also enters into hydrogen bond- 
ing. Such hoTuls !is FUF, OHF, NHF, OHO, NHO, CHO, NHN, 
CHX, and OHCl may be distinguished. These bonds are compara¬ 
tively weak,their energies being only of the order of 5 Real. (6.7kcal.for 
FHF, 4.5 kcal. for OHO. 1.3 kcal. for XHX) as compared with roughly 
100 kcal. for ionic or covalent linkages. It follows, therefore, that 
such bonds are not only easily ruptured hut they are also formed ^ it \ 
equal ease. When appropriate materials are combined at ordinary 

temperatures, hydrogen bonds form. - 

Not only are the strengths of hydrogen bonds greatest with the mos^ 
electronegative elements, but also increases in the electronegativity o 
a particular element result in incrcjiscd hydrogen bonding 
Tbu.s phenols form stronger hydrogen bonds than aliphatic alcoho s, 
substituted ammonium ions (e g.. UsXH^) form stronger > rogen 
bonds than the ammonium ion itself, etc. However, a given c e( ro- 
riogativily cannot alone aecount for the hydrogen bonding ten encies 
of a series of non-metals, for, although nitrogen and chlorine have the 

" \V. M. Latiim-r ami W. H. Uo.I<l.uKh; J. Am. Chem. Sor., 42, 1419 (1920). 

‘’T. S. Moore aod T. F. Wiiiiniil: J. Chem. Sor.. 101, 1635 (1012). 

Pfeiffer: -Inn., 398* 137 (1913). 
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same electronegativity, chlorine is by far the poorer hydrogen l)OJiding 
agent. Small size in the electronegative element is also necessary. 

It appears that when a hydrogen is bonded to one electronegative 
element, the strong pull which an atom of that element exerts upon the 
bonding electrons leaves an effective positive charge on the hydrogen 
atom which is sufficient, because of the absence of any screening elec¬ 
trons. to cause attraction for the second electronegative atom. That 
more than two such materials cannot be held by a single hydrogen is 
doubtless due to the restricted space around the comparatively tiny 
hydrogen atom. Although the majority of the groups so attracted 
have in their structures non-metal atoms with inishared electron pairs, 
these electron pairs are not directly involved. 

Examples of hydrogen bonding are numerous, particularly among 
organic compounds. Some instances {)f importance amoTig inorganic 
substances are the following: 


1. Association amoruj simple hydrides. The hydrides HF, II 2 O, and 
NHj are characterized by melting points, boiling points, and molar 
heats of vaporization which are abnormally high in comparison with 
those noted for hydrides of similar and related elements. On the other 
hand, corresponding values for the electronically .saturated methane 
are low and comparable to those for related hydrides. For the simple 
carbon family hydrides, as well as among the inert gas elements where 
interatomic attractions are at a minimum, such constants increase 
rather regularly with molecular weight. For the simple fluorine, 
oxygen, and nitrogen family hydrides, however, high initial values arc 
followed by minima for the second members and then by increases 
with molecular weights. These trends are apparent in Figures 6-3 
and 6-4. Molecules of the hydrides of fluorine, oxygen, and nitrogen 
are held together and built into aggregates by hydrogen bonding, 
whereas those of other hydrides are not. 


2. Association among other hydrogen compounds. Similar situations 

are found with liquid hydrogen cyanide, hydrogen peroxide, certain 
alcohols, carboxylic acids, etc. 


3. Anion solvation. Certain oxygenated anions appear to hydrate 
both in solution and in crystal lattices. Such anion water (p. 498) 
IS apparently held by OHO bonds. Thus, in CuSO.-SHjO, four water 
molecules are associated with the copper(II) ion, but the remaining 
one IS associated with the sulfate ion (p. 499). The existence of acid 
fluonde ions of the types HFr, H,F.- and H.F.- (p. 428) may be 

explamed in ternas of attractions between fluoride ions and hydrogen 
fluoride molecules through FHF bonds. ^ 
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Fio. 



f>:}. 


Nlcltiiig uihJ boiling points ()f tb<* simple hydrides. 

iiicludiKl for eoiiipHrisons.) 


(Inert gas elements 


4 Abnormal solubility relations. The uniformly greater so vent 
power of materials such as CUCU or CHC1,F over close y relaUd 

compounds such as CCh or CClaF for to 

oxygen or nitrogen groups is logically ascribed to eir 

hydrogen bond to the solute molecules. The.sc solutes and y 

halide^ liberate energy when dissolved in chloroform but not m carbon 


191 


Ch. 6 


The Hydrogen Bond 


tetrachloride.** This is further proof of the formation of hydrogen 
bonds. 

It is apparent that absolute distinction between the hydrogen bond 
and certain dipole attractions may be difficult. Unlike such attrac¬ 
tions in general, the hydrogen bond appears to have some directional 



Fio. 6-4. Heate of vaporization of the simple hydrides. (Inert gas elements 

included for comparisons.) 


characteristics. Numerous experimental approaches, among them 
solubility determinations, heat of mixing measurements, dielectric 
constant determinations, and infrared spectroscopic studies, have 
been used to establish hydrogen bond formation. Certain refer¬ 
ences**-” may be consulted with pro6t for further information. 


*^L. F. Audrieth and R. Steinman: J. Am. Chem. Soc., 68, 2115 (1941). 

”L. Pauling: The Nature of the Chemical Bond, 2nd Ed., Ch. IX Cornell 
University Press, Ithaca (1940). 

rw Chcmutry ami Theoretical Organic 

PP- «5-258. Oarendon 

” M. Davies: Ann. Reports, 48, 5 (1946). 

**L. Hunter: Ann. Reports, 48, 141 (1946). 
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The hydroxyl bond 

H>tiro\yl groups form l)on(ls iiivolvitig hydrogen bridges in a 
^■ariety of rompt)\iiuls. Tliese bonds are often somewhat longer than 
other hydrogen bonds, and it appears that in each of them the hydro¬ 
gen remains covalently attached to the oxygen with which it was 
originally associated. This more or less special type of hydrogen 
bond has been called a hmironjl bund.-^ The crystals of many metal 
h\alro\ides contain such bonds. 


NON-Kl.K( TKO.STATK: bonds .\ND .Vri KACTIONS 
,Yori-ioriir or covalent bonds 


Lewis’s view that non-ionic linkages amount to the sharing of elec¬ 
tron pairs in accordance with the rule of eight was strictly compatible 
with the cla.wical valeiu'e bond concept which had been used so suc¬ 
cessfully for organic compounds. Thus, for a simple hydrocarbon 
such as methane, which had been written 

H 

I 

H C II 

I 

H 

I>ewis u.«ed the designation 

H 


H ; C : 




Correspondingly, double and triple bonds were considered to involve 
the sharing of two and three pairs of electrons,* respectively, as 


C:; C and 



” J. D. Bf-rnnl anrLH. D. .Mognw; I’roc. lioij. Six. {London), A161, ;}84 
• Some prefer n notation wliiclj distinguishes between the origins of t e c er 

troDs. Thus methane would be written as 

H 


H r C ; H 
* • 

H 


the electrons a.s. 80 ciated originally with the carbon being designated by erodes 
and those with the four hydrogens by dots. Such an approa.-h .s ‘ ; 

venienee. for once such a bond has formed both electrons in the ps.r are equivalent 

and cannot be distinguished from each other. 
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Among the hydrocarbons and among many inorganic compounds, 
each bonded atom was regarded as contributing a single electron to 
the pair. It soon became apparent, however, that in certain com¬ 
pounds the octet concept could be preserved only if some botuls 
resulted from the donation of both electrons by a single atom. A 
classical example is an amine oxide, U 3 NO, which could then be 
formulated as 


R 

R : N ; 0 : 
R 


the nitrogen atom having supplied both electrons to the N—0 bond. 
This type of linkage was termed scmi-polar by Lowry** becau.se of 
the resulting inequality of charge distribution, the electron pair donor 
becoming positive and the acceptor negative. In formulas, the use of 
an arrow to indicate the direction of donation or the actual use of 
charges directly is common. Thus an amine oxide may be wTitten 
variously as 



R—N-»0 


R 

or R ; N : 0 : 

i ^ 



Sidgwick’s preference** for the term coorditiate covalent linkage in 
view of its commonness among the Werner complexes (Ch. 7) has 
received wider acceptance. In effect a coordinate covalent bond 
amounts to a type of charged double bond. 

The emphasis placed by Lewis on the importance of the electron 
pair** is truly striking. It must be pointed out that these views were 
advanced before the development of the quantum mechanical concept 
of the double occupancy of electronic orbitals, based upon the pairing 

0 electron spins {pp. 91, 93). Although covalent linkages commonly 

require electron pairs, this is not invariably true. Thus evidences for 
the existence of limited numbers of 1 -electron and 3 -electron covalent 


!»m faradatj Soc., 18, 285 (1923). 

Oxford Clr^rcndon Press. 

Slntclure of Atoms and Afolecules. The Chemical 

'-dialog Co., New York (1923). 
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liond.s have been Dhtained. They are discussed later. Classical 
treatments of the covalent Imiul have been given by Sidgwick,^’’ more 
modern treatment by Pauling. 

Thr ('ottcfpt of licxonnnrt' in Covalent Bonds. Before attempting an 
evaluation of the nature of the covalent bond, it is essentia! that the 
princij)les of resonance^* are presented at least (pialitativcly. Chemi¬ 
cal systems may exist in a variety of (piantum mechanical energy 
>tates, the state having the lowest energy being called the normal 
state and the others, in general, excited states. Quantum mechanics 
then tells us that of all conceivable structures which might exist for a 
given material in its normal state, the actual structure is that impart¬ 
ing maximum stability to the system. 

Kor a given system then which may pos.sess two structures, say I 
atul 11 in the normal state, energy consideratioti.s may show that maxi¬ 
mum stability is obtained for one structure to the exclusion of the 

% 

other or that both structures are of more nearly etpiivalent stabilities. 
In the latter case, the normal state will then involve both structures 
I and II, and the system will resonate between the two. However, 
ev(‘n if structures I and II are exactly ejpiivalent, the actual structure 
will not be exactly intermediate betweetj the two because the total 
energv of the system will .seek a minimum value which will lie below 
that for either I or II as a consecpience 4)f interaction between the two. 
.\n extra stability, measured in terms of the so-calletl resonance energy, 
relative to either I or II results. The situation i.s analogous if more 

than two structures are conceivable. 

When applied to covalently bonded materials, the theory of res¬ 
onance is often useful in accounting for the remarkable bond strengl s 
that are commonly observed. For many such materials, more t an a 
single structure involving variations in the distributions of va ence 
electrons may be written. The actual structure is then regarded as 
involving re.^onance among the po.ssible structures by the exchange or 
rearrangement of electrons among them. This may be illustrate y 
.‘.perific examples. Thus, for the neutral hydrogen molecule with its 
electron pair bond, the following structures involving electrons 
designated respectively as • and . may be written. 

*' N. V. Sidgwirk: The Eleclronic Theory of Valency, Ch. VI. Clarpndon I resa 
v'lliBwi.-k: .Som, Proper,,,, of ik, U.,k in C>..n,i>ir,j. 

Cornell University Press, Ithara (19.i3). . « ■ ri ri, I-VIII inch 

" L. Pauling: The t^alure of the Chemical Bond, 2nd fc-d., 

Cornell University Press, Ithaca (1940). 

» Ibid., pp. 8-12. 


Ch,6 


Non -ionic or Covalent Bonds 


195 


H—.H I 

H-—.H II 

H+—;u- III 
H;-—IV 


Inasmuch as the two hydrogen atoms arc eliaraeterizod by identical 
ionization potentials and electron afTinities, stnicfures HI and IV 
are highly unlikely. Calculation shows them to be energetically 
improbable. Hence the structure of the hydrogen molecule must 
involve resonance primarily between structures I and II. Again, to 
consider a more complicated case, the structure of the carbon dioxide 
molecule is described as involving resonance among the structures 


• • 


0:;C;:0 ; 
% # 

I 


O : C:;:0 


II 


: 0;;;C : 0 : 

III 


• » 


each making approximately the same contribution. 

Formally, resonance amounts to an effective rearrangement of elec¬ 
trons among two.or more structures. It can occur only among those 
structures m which the same number of unpaired electrons is present, 
^though this concept would indicate a possible equilibrium among 
he resonance structures for a given material, none of the individual 

mnmw itself and is 

mportant only m its contribution to the structure as a whole The 

rZanre e"er“y.“' 

resonating structures may sometimes be deduced 

amounf nf A ui u ^ ^ single covalent bond. A certain 

mount of double bond character due to resonance is thus indicated 
Other similar situations can be distinguished.” indicated. 

covalent blTd iff treatment of the 

bond. Uwis’s ernnh”'® "'i‘ the electrovalent 

provided no exnUn'^r^'^ 7 u ""Portanee of the electron pail 
observed fact lndfed"i" but rather reflected 

meeha^fes (1927 Lrsi’nl'^ 7^ of the quantum 

b. E. Sutton: Ann. ReporUs, 37 , 36 (1940). 
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Sluter. They are l)ase<! either upon involvement of electrons in 
terms of atomic orbitals (pp. ‘)2 102) or upon the molecules as a 
whole in terms of molecular orbitals. Tlje .significant postulates 
characterizing these theories may be considered with profit, although 
it must bo emphasized that such concepts are rigidly applicable to only 
the simple>t structures, I'lie complexities of the mathematical 
approaches to any of these presentations preclude more than ele¬ 
mentary and (pialitative discussions in this book. 

lilK HKITLKH-LONDON TUKoiiY. The Ileitler-Lotulon views** are 


based upon the pairing and r<*sultant neutralization of opposed elec¬ 
tron spins. .Vs two simple like atoms, say, hydrogen atoms, approach 
each other, tlie very weak attractive forces existing at large inter¬ 
atomic distances l)ecome smaller and are ultimately replaced by 
strong repulsive forces. Tnion of the two atoms into a stable molecule 
would be precluded were it not for the fact that the two possible 
molecular structures are eipiivalent (p. and resonance permits a 

normal stale of lower energ>’ in the resulting molecule. Inasmuch as 
each of the two electrons in this ca.se may with enual probability be 
found with either atom, the interaction which results depends only 
upon the spin iiuantum numbers of the electrons, If the spins are 
opposed, attractive ftnees re.sult since the available orbital in each 
atom may tlien be doubly occupied without violation of the Tauh 
exclu.-'inn principle. .V similar approach may be made in other casc.s. 
The importance of the Lewis electron pair thus becomes apparent. 

The signiiicaiice of unpaired electrons is at once Pbvious. In or er 
for an atom to enter into ciiemical coml)inalion, it must possess one 
or more ele. trons which can pair with those in another atom tbroug i 

the canceling of electron spins. The valency of 
determined by the number of unpaired electrons which it p 
.Vltliough jiarticipation in bond formations by electrons ^ 
alr..;ulv paired i.s ferinully ruled out, suel, oleetro.is muy be i 
if they run he unpaired witliuut the expenditure of exces.sive ene gj^ 

.. .«•"■»" “"" : .s s 

uuantnm mimber (n) of that electron is required, i hus mtrog 

eonfigurltion of uhures its ^ ^ 

fU.,,,;,,.. i„ the for,n.uti«n of li’L o Lvel arc 

form a pentulluoride l.eea.isc no inuTO With 

availahle to .■urornmudatc puc of tin- .inpa - i., i j„es 

phosphorus, uu the other 

pertnit the formation of a pentanuur.de since 3d orhitals P 

•'t:"":';,..™.■ p-p* s • >»’ 

M W. Hcitk-r aiMl F. Undon: Z. Phjsik, 44. 455 (102/). 
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one, for many cases of covalent bond formation can be treated in 
terms of it. Like the Lewis theory, it embraces three fundamental 
ideas, namely: 

1. Each atom in a molecule tends to assume a structure containing 
a closed shell of electrons. 

2. A chemical bond results when two electrons are paired (in spin). 

3. The pair of electrons is localized between the two bonded atoms. 

Inherent differences arise, however. For example, for a material 
such as phosphorus pentafiuoride a considerable amount of energy will 
presumably be required to pass the inert gas structure characterizing 
the trifluoride, and an assumption of entry of electrons into Zd orbitals 
will violate the first principle above. Furthermore, implicit in the 
Heitler-London theory is the assumption that the electrons in a shared 
pair come from different atoms. The coordinate linkage is thus ruled 
out. Maximum covalency is limited as indicated above, but the spin 
theory fails to account for such apparent anomalies as the lack of 
existence of perbromates. Odd molecules (p. 212) are likewise 
incapable of explanation. 

THE HUND-MULLiKEN THEORY. The Heitlcr-London spin theory 
assumes that atomic orbitals remain unchanged when a molecule is 
formed. Inasmuch as the electron fields around each of the combining 
atoms will undergo mutual interaction, such an assumption is not 
warranted. Hund*’ and Mulliken** have developed an approach to 
bond formation which is based upon the effects of the various electron 
fields upon each other and which employs molecular orbitals rather 
than atomic orbitals. Each such orbital, characterizing the molecule 
as a whole, is described by a definite combination of quantum num¬ 
bers and possesses a relative energy value. Molecular configurations 
are then built up by feeding electrons into these orbitals, the atomic 
nuclei involved being separated by fixed equilibrium distances. Each 
entering electron will, within the limits of the Pauli exclusion principle, 
seek the lowest possible quantum state. As these molecular orbitals 
are occupied, series of closed electronic groups are built up in mucli 
the same fashion as those which arise in the building up of the extra- 
nuclear structures in isolated atoms. In such a concept, the quantum 
num ers n and I have but little significance, especially in comparison 
with those describing the component X of orbital angular momentum 
a ong an axis joining the atomic centers. Corresponding to the desig¬ 
nations 5, p, d, etc., for electrons in isolated atoms where / = 0, 1, 
or 2 are the designations a, r, 6, etc., where X = 0, ± 1 , or ± 2. Since 

«R 34, 437 (1928). 

Mulliken: Chem. Rev$., 9 , 347 (1931); Revs, Modem Phys., 4 , 1 (1932). 
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el(M (roil spin jiivcs two possible electrons for caoli X value, the numbers 
of p»‘rinissil)le electrons of each type are readily obtained. These 
values ate siuninarized in f able (cO. 


TAHI.l-: or. 

Atomic \s. Moi i;ci i.^R ()KBirAi.s 


('oiiiph'lc l.lci tnm 
Sliclls in l.'iol.'ilol 

Atoiiis 




P* 

JIO 


\'!ilin*9 

of I 
0 
1 
2 


Vftlups of X 
0 

+ 1 . 0 . -1 

+ 2 . + 1 , 0 , - 1 , 


-2 


Coniijlpte P31ertron 
rirnnps in Molecules 

4 

(?• 

<r» 6* 


U’hon a inoleotile is formeil from atom.s, electrons may sometimes 
l)e promoted to a higher energy level for lack of space for them in the 
given level or becau.se of the limitations of the Pauli principle. Such 
electrons in the resulting molecule occupy excited levels; they are 
called anti-bonding electrons. Klectron.s which do not occupy excited 
states are called bonding electrons; those which are not involved in 
molecule formation arc called non-honding electrons. Since molecule 
formation results only if the total energy of the .sy.stem decreases, it 
will occur at the ecpiilibrium intermiclear distances if in the resulting 
configuration the numljcr of bonding electrons exceeds the number of 
anti-bonding ones. In general, half the dilTcrenre between the num¬ 
bers of bomling («&) and anti-bonding (/i„) electrons gives the number 
of electron pair bonds in the molecule. 

Further consideration of these views is somewhat beyond the scope 
of thi.s treatment. More detailed works*'^"^^ should be consulted. 
However, the electronic behaviors in tfie formation of a few simple 
diatomic molecules have been summarized in Table G*7. In these 
examples the /C’s which appear in.sidc the brackets mean merely that 
the K shells are pre.scnt but not involved. The Hund-MuHiken 
theory is advantageous in that it does not require electron spins for 
covalent bonds, and it is applicable to many simple molecules. 
ever since decision as to which electrons are bonding or anti-bonding 
in complex molecules is difficult, its application to tliem is extremely 

involved. 

» R. deb. Kronig : Opliml Rnitis of the Theory of Vatenaj, Ch. IV. V. CambridRc 
University Press, I/indon (1935). 

J H van Vlcrk and A. Sherman: Motl. Phy$., 7, H)8 (I.Mo) _ 

41 \V G Rainier: Valency. Classical and ,\fo<lern. pp. 179 208. Cambridg 

pp. 29-38. Calcutta flOlO). 

“ C. A. Coulson: Quart, lieis., 1, 1-14 (1047). 
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THE PAULING-SLATER THEORY. PauHng^* and Slatcr^^ have devel¬ 
oped what amounts to a logical extension of the Heitler-London 
theory to account for directional characteristics in covalent bonds. 
This extremely important characteristic of non-ionic linkages is con¬ 
sidered in the next section. It is important, however, to consider 
some of the more useful concepts of the theory. Regardless of 
approach, it is apparent that an atom can form an electron-pair bond 


TABLE 67 

Simple Diatomic Molecules in Terms of the Concept 



OF Molecular Orbitai.s 

Electron Pair 

Reactants 

Product 

Bonds 

2F(ls*28*2p») 

Fjl/CK^(2<T)k*(j/ff)a*(iff)t*(u‘)r)(,*(vir)„q 

ni, — Uo 

' ea 1 

2 ^ 

20(18*23 *2p*) 

05l/CA'(2<r)i.*(l/<r)a*(z<r)6*(u>T)tq(*jr)a*) 

= 2 

2N(ls*23*2p*) 

N t[KK (z<T)6*(l/ir)<.*(tw)**(Ztf )**) 

= 3 

N(l3*2a*2p*) 

NO(/C/C(z<r).*(y<r)a*(T<7)j,*(u)T)b‘(t')r)«>j 

- 2.5 

+ 0(ls»28*2p«) 


C(l8*28*2p») 

CO(/CK(zff)6*(pff)a*(itUr)b«(jff)b*l 

“ 3 

+ 0(l8*28*2pq 



a “ anti-bonding electrons, b = bonding electrons. 


for each stable orbital. Such a bond will in general owe its stability to 
resonance. This means that for each such bond two electrons of 
opposed spins and a stable orbital in each atom are essential. It 
appears furthermore that the formation of each additional electron-pair 
bond within a molecule renders that molecule even more stable so that 
structures of greatest stability result when all the stable orbitals in an 
atom are used either in forming bonds or in holding unshared electrons. 
As might be expected, covalency is related to the position occupied 
y the element in question in the periodic system. Hydrogen, with 
ut a single orbital, can form only one covalent bond. Elements in 
e farst row of the periodic table are limited to four such bonds since 
tne L shell contains but four orbitals (i.e., 2s, 2p„ 2p„ 2p,). The 
c concept is also generally applicable to elements in the second row 

«!!!!^’ the M shell contains an extra 3d orbitals, these are 

somewhat less stable than the 3^ and 3p orbitals and are filled last. 

es m which 3d orbitals are involved embrace PFs, PF#-, SiFr“ 
omL If common. No examples are known ivhere all nine 

involved. With the third-row representa- 

covftlpn are also characteristic, but increased 

and thp P®™tted by the more ready availability of other orbitals 
‘•L P differences among them. The same trend 

SUter - 891 (1932). 

Phya. Rev., 57. 481 (1931); 38, 1109 (1931). 
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continues in an enhanced fashion among representative elements in 
subse(]uent periodic series. Among the transition elements, increased 
covalencie.s are permitted by use of (n — l)d orbitals as well as the 
ns and np types. According to Sidgwick” maximum observed 

covalences are Li-F, 4; Na-Br, 6; Rb-, 8. 

The Directional Characteristics of Coi'a{enl Bonds. It has been 
pointed out in Chapter 3 (pp. 100-108) that the distributions of the 
charge intensities of electrons in various orbitals are geometrical in 
character, s orbitals being spherically symmetrical, the three p orbitals 
lying along axes which are mutually at right angles, etc. It follows 
that bonds involving the.se orbitals must be similarly directed. To 
take this into account and to relate structural chemistry to the covalent 
bond, the Pauling-Slater extension of the Ileitler-London theory sug- 
cests that the strongest covalent bonds result where maximum over¬ 
lapping of atomic orbitals occurs, that is, where there is maxinmm 
i„terponrtration of the charge densities of the electrons involved in 
bond formation. The bond formed by a given orbital nil then he in 
the direction in which that orbital has its maximum value.” Covalent 

bonds are thus directed bonds. 

To illustrate, suppose one considers the directional 
the bonds in the simple hydrides water and ammonia. T he oxygen 
Itom with the structure U’2s=2p,’2p.'2p,' has two unpaired p elec¬ 
trons When combination with hydrogen occurs, these electrons are 
paired with s electrons from two hydrogen atoms. Since the p. an p. 
orbitals are at right angles to each other, a structure of the typ 



.. N. V. Sidgwirk : dna 2„d Ed., Ch. III. Cornell 

un" turlhcli, ”har;,r940,' A complete „„d comprehensive explanation. 
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with two 0—H bonds at 90® to each other would be expected. With 
the nitrogen atom (ls^2s*2p,‘2py’2p,‘). three unpaired 2p electrons are 
present; so by analogy one would expect the structure 



with the three N—H bonds at 90® angles in a pyramid arrangement. 
Hydrogen interactions and partial ionic character (p. 205) distort these 
arrangements so that the actual bond angles are ca. 105® and 108® for 
water and ammonia, respectively, but the principle is clear. 

The case with carbon (ls^25*2px‘2p„‘) is somewhat more complex 
since the prediction of three bonds at right angles and one essentially 
undirected is at variance with the observed tetrahedral character of 
the carbon atom. However, Pauling*^ points out that if each of the 
four bonds results from a linear combination of s and p orbitals, 
greater bond strength will result than if these orbitals are used alone 
and that the resulting bond strengths are of such magnitude that the 
bonds must lie at tetrahedral angles (109®28') to each other. Such 
combinations of orbitals are referred to as hybrid bond orbitals, and 
the general phenomenon is termed hybridization of orbitals. One may 
have not only hybrids involving s and p orbitals but also those involv¬ 
ing d orbitals as well. The latter are of particular importance in 
describing the bonding in coordination compounds of the transition 
metals (pp. 256-261). 

The directional characteristics of the more important covalent bonds 
may be summarized as follows: 

1 . Bonds derived from pure orbitals. 

a. s bonds. Pure s bonds are not directional because they occur 
singly and because s orbitals are spherically symmetrical. 

b. p bonds. Pure p bonds lie in three planes which are mutually 
perpendicular. In compounds where they are present, bond 
angles are of the order of 90®. 
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c. d bonds. Pure d bonds are rare but appear to be directed 
along the slant edges of a pentagonal pyramid. 

2. Bonds derived from hybrid orbitals. 

а. sp hybrid bonds. Bonds of this type have a tetrahedral 
symmetry of the type noted in carbon, silicon, or germanium 
compounds. Such bonds are referred to as sp’ bonds. 

б. spd hybrid bonds. Such bonds most commonly involve d 
electrons in the quantum level next below the valence shell. 
Calculations by Pauling^’ have shown that hybrid bonds of 



(penldgonal pyramiddO 


HYimil) nONDS 




# central element 
o bonded group 




F.a, 6 5. Directional charactcrietica of variou. types of covalent bonds. 
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considerable stability may result under such circumstances. 
If, as in the case of but a single (n — \)d orbital is 

available, together with ns and np orbitals, hybridization of 
the type dsp^ will result. This condition gives covalent bonds 
lying in a plane and directed toward the corners of a s(juare. 
If, as in the case of Co"*"®, two (n — l)d orbitals are available, 
together with the ns and np orbitals, hybridization of the type 
d^sp^ will result. This gives six covalent bonds which are 
directed toward the corners of a regular octahedron. These 
types of dsp hybridization are discussed in detail in Chapter 7. 

Graphically, the natures of such directed bonds are summarized in 
Figure 6*5. 

The directional characteristics of many po.s.sil)lo bond typos have 
been summarized by Kimball,*’* as indicated in Table C*8. Although 


Covalenoe 

2 


TABLE G-8 

Directional Characteristics of Covalent Bonus 


6 


8 


Bond Type 
sp or dp 
p*. ds, or d* 
sp*, dp*, d*8, or d* 
dsp 

p* or d*p 
sp* or d*s 
dsp* or d*p* 
d*sp, dp*, or d*p 
d* 

dsp* or d*sp 

d*sp*, d*s, d*p*, or d*p 

d*p* 

d* 

d*sp* 

d*sp or d*p 
d*p* 

d*sp*, d*8, d*p* 

d*3p*, d*sp 

d*sp*, d*p*, d*p* 

d*sp* 

d*p* 

d*sp* 


Spatial Arrniigrment 
linear (straight line) 
angular 
trigonal plan'e 
unsymmetrical plane 
trigonal pyramid 
tetrahedron 
tetragonal plane 
irregular tetrahedron 
tetragonal pyramid 
bi-pyramid 
tetragonal pyramid 
pentagonal plane 
pentagonal pyramid 
oetahedron 
trigonal prism 
trigonal antiprism 
mixed 

ZfFt-* (face-eentered oetahedron) 
TaF,-* (face-centered trigonal prism) 
dodecahedron 
ttntiprism 

face-centered prism 


Zert1el‘'“ThTZ"'T‘' directional 

rrrr ^ is probably related at 

least to some extent to differences in ^ n. . 

bonJ ^o^in. preWiall. Pa„.i„,., 

. E. Kimball: Chem. Phys., 8 , 188 (1940). 
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bond involving only s orbitals as unity and compares other bond 
strengths with this on a relative basis. The maximum attainable 
bond strength is 3, which is closely approached in d*sp* bonds. Values 
assigned to common bond types are summarized in Table 6 9. It 


T.\BLE 6 9 

Uelativk Bond Strenoths 


Ik>nd Type 

Number of 
Bonds 

Direction 

Relative Bond 
Strength 

$ 

1 

non-directional 

1 

p 

3 

right angles 

1 732 

d 

5 

pentagonal pyramid 

2 236 

»?* 

dnp"* 

4 

tetrahedron 

2 

4 

square plane 

2 694 


6 

octahedron 

2 923 


should be emphasized that in ail these bonds no distinction is made as 
to whether the necessary electrons are provided by both atoms or by 
only one. Thus there is no real difference between normal and 

coordinate covalence. . . , i i tt i 

In evaluating the spatial arrangements in simple molecules, iiel- 

ferich*’ arrived at some more or less empirical, but none the less u.seful, 

generalizations, which may t.e called llelferich’s rules. These rules 

may be summarized as follows: 

1. Molecules or ions of the type .iX, (X = same or different atoms) 
have straight-line structures if the central atom (A) has no unshared 
electrons, and angular structures if the central atom has one or more 
unshared electron pairs. Thus CO,, CS„ N.O, and Nr all possess 
straight-line structures in accordance with the electronic formulas 

0::C::0 S::C::S N::N::0 N::N::N 


whereas H.O, H,S, and NOr are angular in accordance with the 
formulas 


H : O ; 



H : S : 



; 0 : N 



• 9 


2 Molecules or ions of the type AX. (X = same or different atoms) 

s ■„». 1 - 

trons, and pyramidal structures with A at the ap 
«• B. Hclferich: Z. Saturfortch., 1, 666 (1946). 
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atom has an unshared pair of electrons. Thus, COj NO 3 , and BF 3 
are planar in accordance with the formulas 


: 0 : 

. 

0::C : 0 : 


: 0 : 

: 0 : N::0 


: F : 

: F : B : F : 


whereas NHj, SOj"*, HjO'*', and C10a“ are pyramidal in accordance 
with the formulas 


• • 

H : 0 : H 

.-9 .. + 

H:N:H :0:S:0: H:0:H 


: 0 : 


: 0 : Cl : O : 


3. Molecules or ions of the type AX 4 have tetrahedral structures if 
the central atom (A) has no unshared electrons in its outer shell and if 
this shell is of the inert gas type and planar structures if the outer shell 
is not of the inert gas type. Examples illustrating this rule are not 
well defined. 

These rules are useful as first approximations in arriving at the 
directed natures of covalent bonds. The importance of unshared 
electron pairs in fixing geometry merely emphasizes the fact that such 
a pair may be directed in the same sense that a covalent bond is. 
Examples will be discussed later among the halogen compounds (p 
445). 

Partial Ionic Characier in Covalent Bojids. The discussion pre¬ 
sented thus far leads to the conclusion that chemical bonds involving 
electrons are either electrovalent or covalent in character. In practice, 
this is probably never absolutely true and is closely approached in 
only a limited number of cases. Ionic bonds are favored in combina¬ 
tions in which the elements differ markedly from each other in electro¬ 
negativity. As such differences become less pronounced, bonds 
become increasingly covalent in character, and in unions involving 
atoms of the same electronegativity the greatest degree of covalency 
18 shown. The breaks are not sharp, however, and as electronegativi- 
ties c^nge there appears to be a more or less gradual transition from 
^entiaUy lomc to ^entially covalent character. Even in combina- 

occur Tr“tb I sharing of electrons may not 

LnTc b molecule possesses about 2 % of 

rde hvT “■‘‘"butions to the total structure 

made by the ionic resonance structures (p. 195). Similar situations 
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exist in other comparable cases. It is possible, theiefore, to describe 
each covaletU bond in terms of its partial ionic character. 

It is convenient to refer to covalent linkai^os possessing appreciable 
ionic character as polar linkages* and to thos3 possessing only very 
slight ionic character as non-polar linkages.^' In a general way, then, 
the sliaring of the electroti pair may be regarded as approaching 
equality in a tion-polar bond but deviating to a greater or lesser 
extent from ecpiality in a polar linkage. The degree of this displace¬ 
ment or the degree of polarity may often be measured by the magnitude 
of the dip()le moment (pp. 180-187). Zero dipole moment (m = 0) 
thus indicates etjuality of electron distribution in a simple diatomic 
molecule or complete symmetry of bond distribution in a more com¬ 
plex molecule containing a number of bonds each of which possesses 
dipole ciiaracter (e.g., in ('(-’b). Increasing polarity would then be 
indicated in the following cases: 


p(X 10'*) 


lb, F,. Ch, Br,. I: 
0 


HI 

HBr 

HCl 

HF 

0.4 

0.8 

1.0 

1.9 

H,Tc 

II,Sc 

II,S 

11,0 

0 


1 10 

1.85 


^{X 10'") 

paralleling, of course, increased electronegativity on the part of the 
element combined with hydrogen. In fact, dipole moment data may 
be used to evaluate an electronegativity scale wliich differs only 

insignificantly from that given on p. 103. ■ , i • 

Exact evaluation of the percentage of ionic character in a bond is 
difficult. By evaluating the ratios of observed dipole moments for 
the hydrogen halides to tho.se obtained for completely ionic structures 
for the.se compounds through multiplication of the unit charge by the 
internuclear di.stances, Pauling^“ determined the ionic fraction of each 
bond Ilis values of l7%forH(‘l. 11 % for HBr, and 5% for HI were 
supplement,-,! hv an estimate of 00% for IIF in tin- absence of ,l,pole 
moment data for this last compound. Using the.se values and the 

relation 

amount of ionic character 

where z. ami are. respectively, the eleetronegativities of the cl^ 
ments A and B in a bond A- B. Pauling then related amount of lomc 
Pauling: The Salure of the Chemical Bond. 2iHi Ed., Ch. II. Cx>rncll 

lerminoloKy exists, sinec m the 

subdivide the latter into polar and non-H«r_ 

»• S. J. French: J. Chem. Education, 13, 122 (19.IG). 


I 


y-hiit A- 


(C-4) 
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character to electronegativity difference {xk — stb) by means of an 
empirical graph of the type shown in Figure 6 - 6 . Such a curve is 
admittedly lacking in complete accuracy, but it does reflect at least 
the approximate ionic characters of bonds. It is apparent that all 
bonds for which the electronegativity difference is above 1.7 are more 
than 50% ionic. Such bonds are commonly termed ionic. 



*ir *8 

Fm. 6-6. Relation of amount of ionic character in a bond A—B to the electro¬ 
negativities of the bonded atoms. 


shown that the bond in hydrogen 
fluoride IS 43% ionic, rather than 60% as assumed by Pauling This 

”5 r:r 

amount of ionic character = 0.16fe - ir.) + 0.035(x* - x„). ( 6 . 5 ) 
then permits more exact calculations 

.0“ ”c t'".f ■"™'-' ‘i..I. 

>■ »“■» c. F. ... ^ 
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ter in the t) -H bond. However, the water tuolecule may possess 
four resonaiiee structures as 

II Ih H H+ 

. . • » 

: {) : I! . O : H : O : : o’; H+ 


of which the la<t is prohahly <)f minor impot fai.ee liecause of the strong 
attraction for protons whicli tlie f) - ion would exert. I'aiiiitig’s 
conclusion is that the first three cotitrihute, respectively, 2S%, 

and 28^ to the total structure. Likewise in the ammonium ion, 
although each X—II bond should possess about ionic character, 
the true ionic character is closer to20^c, in agreement with the changes 

recommended by Hannay and Smyth. 

Some generalizations are in order, lionds between fiuoiinc or 
oxygen and most metals are predominantly ionic (oQf’; or more ionic 

character). With fluorine, only a limited mimher of honds (e.g., 
_j.' ^ Y jjj-.—1—p etc.) possess less than 50% ionic 

character. As might he expected, sizable dilTerenccs exist between 
bonds involving fluorine and clilorine ami between those involving 
oxvgen and .sulfur, hut the differences in the series C'bHr-I and S-Se-Te 
are less striking. Compounds derived from the alkali metals are pre¬ 
dominantly ionic, except for tho.se containing lithium-bromine, 
-sulfur, -carbon, -iodine, -selenium, etc., linkages. Barium, strontium, 
calcium, and magnesium yield essentially ionic bonds with the more 
non-metallic elements. Except for linkages to fluorine or oxygen, 
beryllium forms predominantly covalent bonds. Aluminum rcsem- 
hies beryllium very closely, and the only boron linkaRcs ^ 

more than 00 % ionic arc to fluorme. Carbon bonds are all p 
dominantly covalent. With silicon, the Si-F bond is predornmantly 

ionic, all others being predominantly covalent. Other ^ 

be worked out from the talile of electronegativities previously giv 

‘’’x smnewhat less quantitative, but nevertholes., useful, approach to 
the problem of transitions between clectrovalcncc and covalence l 
lased upoinon deformation or polarization.- - ^^•hen ions approa b 
oai^h other i-losely, the attraction of the cation for 

She L^n result in deformation, distortion, or polarization of the 
anion. This is .'^hown crudely in the diagram. 

K. Fajans: Nalunrissengchaften, 11, 165 0023). 

K. Fajans and 0. Joos: Z Physik, 2S, 1 (1924). 



C/i. 6 


JVofi’ionic or Covalent Bonds 


209 





The cation would be similarly polarized by the anion, but the effect 
would be less pronounced because of the smaller cation size. The 
net effect of ion polarization is an increase in the degree to which 
electrons are shared, or an increase in covalent character. 

Ion deformation is favored by a number of factors. These are 
summarized in a series of generalizations known as Fajans’s rules. 
Thus increased covalence is favored by: 


1. Large charge upon either cation or anion. The enhanced forces of 
attraction resulting from high ion charges cause increased polariza¬ 
tion and increasing covalence. Although strict comparisons illus¬ 
trating this point would require series of compounds of rather similar 
elements of constant size, the data on melting points of anhydrous 
chlorides summarized in Table 0*10 indicate the general trend, suliject 


TABLE 6-10 

Effect of Cation Charof. upon Covalent Character 

int of Anhydrous Chloride, ®C. 
800 
772 
712 
subl. 

oi course to the limitations of melting point data (p. 181). 

2. Small cation. Because of its greater concentration of positive 
charge, a small cation has an inherently greater polarizing effect upon 
^ anion than a large cation. Again strict comparisons are valid only 
u other factors, notably cation charge, are maintained constant. The 
ecrease in melting points of the anhydrous chlorides of the Group Ila 
elements with decreasing cation size, as shown in Table 611, illustrates 


Cation 

Na+ 

Ca+* 

Mg+* 

A1+* 


Cation Radius, A 
0.95 
0.99 
0.65 
0.50 


Melting Po 




Cation 

Be+» 

Mg+« 

Ca-rt 

Sr+* 

Ba+» 

Ra+» 


TABLE 6 11 

Effect OF Cation Sue upon Covalent CiiARACfER 

Cation Radius, A Melting Point of Anhydrous Chloride *C 

405 

712 

O.M 772 

ilS g72 

960 

- ca. 1000 


this generalization. 
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3. Large anion. Large anions are inherently more polarizal)le than 
small ones and therefore lead to enhanced covalence. Again, if 
charge is maintained constant, as in the calcium halides summarized 
in Table 0 12. melting point data will often indicate the importance of 

TABLl-: 6 12 

Effect of Anion Size upon Covai.ent Character 
Compound Anion Iladius, A Melling Point, C. 

CaF, 1.36 1392 

CaCl, 1 81 ''2 

CaBr, 1 95 730 

Cal: 2 16 575 

this factor. • t o i 

4. Cation with non-inerl gas atom structure. Cations with 18-elec- 

tron structures appear to effect greater anion deformation than those 
with 8-electron arrangements even if charge and size are maintained 
constant. Thus the fact that the melting points of the anhydrous 
chlorides of the unipositive coinage metals are lower than those of the 
alkali metals (Table 6-13) indicates increased covalence among these 

materials. 

TABLE 6-13 

Effect of Undebi.yino Arrangement upon Covai.ent Character_ 


Eight-Electron Shell 


Cation 

1 

Cation 
lUifiius, A 

Melting Point 
of Anhydrous 
Chloride, ^C. 

1 1 

1 1 

Cation 

1 

Cal ion 
Radius, A 

Melting Point 
of Anhydrous 
Chloriflo, “C. 

Na^ 

Rb^ ' 

' 0 05 

1 1 33 

1 48 

800 

776 

715 

Cu* 

A.r* 

Au* 

0 90 

1 26 

1 37 

122 

455 

170(dcc.) 


Kighleen-lOlcdron Shell 


Although it is manifestly impossible to d.vorce one factor from all 
others in Lery ease, these rules are very helpful in making approximate 
comparisons It is apparent that in general they predict mcrea.smg 
eralerwith inereal’mg atomic number in families containing non- 

metals and the reverse in families containing metals. 

The extents to which anions are polarized increase with mcrc^mg 
cata charge and decreasing cation radius. Often it is impossible t 
snpak of one of the.se without mentioning the other, and it would 

desirable to combine the tivo in some fashion. 

..mpirically by Cartledge “ in terms of the tonic potential (.», 

»G. H. Cartledge: Sac.. 60. 2855, 2863 (1928); 62. 3076 (1930). 
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defined by the relation 


</, = 


_ cation charge 
cation radius 


(6-6) 


Inasmuch as the magnitude of the ionic potential increases with both 
increasing cation charge and decreasing size, large ionic potentials are 
associated with strong polarizing effects or increased covalence. 
Empirically, it is found that, if \/(> < 2.2 for anhydrous halides, they 
will be ionic and conduct electricity in the fused state, whereas, if 
> 2.2, they will be non-ionic and non-conductors. Ion hydra¬ 
tion (p. 342), complex ion formation (p. 23G), and acid-base behaviors 

among oxygen-hydrogen compounds (p. 319) may be correlated with 
ionic potential data. 

Transition from ionic to covalent binding is accompanied by reduc¬ 
tion in electrical conductances, melting points, and boiling points. 
It IS interesting also that deviation of the color of a solid compound 
from the colors of its components may be taken as an indication of 
covalence.” This is especially true among anhydrous metal halides, 
where transitions from solid white chlorides (e.g., SnCb, SbCb, AgCl 
HgCIa) to comparatively highly colored solid iodides (e.g., red SnI*' 
red Sblj, yellow Agl, red Hglj) are not uncommon. Color here 
results from highly polarized anions and is to be contrasted with that 

due to unpai^red electrons in transition and inner transition metal ions 
ypj). 574, 899) • 

The unequal distribution of shared electrons when atoms of different 
electronegativities combine justifies extension of the oxidation number 
concept (p. 179) to covalent bonds. Thus, in a compound such t 
ydrogen chloride, the more electronegative chlorine may be regarded 

gen and may be assigned an oxidation number of -1. The hydroaen 

then has an oxidation number of +1 Similarly in on in ^ 
chlorate for which the structure ■" an ion such as 


: 0 ; 

• • • • • • 

: 0 : Cl : O": 


-«-ded as 

oxidation number of +5 and oxyge7 a vrue’e?""! ‘'h’""* 

and J. H. Hildebrand: /. dm. Cbem. See., 8S, 2472 (1941). 
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yw\di'i\ the cation. On the other hand, in moleeulcs of 

free elements, e.^ . 11;. Cl;, etc., where the atoms arc identical, each 
would be a.^si};ned an oxidation number of zero. 

(hu~hhclron and Thrcc-f'kdron Covalent Bonds. 1 hat materials 
eontaining 1- and :i-eIeetron bonds are limited in number is further evi¬ 
dence for the importance of electron pairing in the formation of 
covalent linkages. .■\n outstanding example of a l-elec(ron bond is 
found in the hydrogen molecuh'-ion, 11;^, a species which although 
found onlv spectroscopically is neverthele.ss characterized by a bond 
energy of HI kcal. per mole.'* The hydrogen molecule-ion may be 
described as a combination of the two resonance forms 


H- 


and 


H 


whK-h structures account for some 50 kcal. of tl.e bond energy. The 
equilibrium bond distance is 1,0b .V Such 1-electron '"'“I* ^ 
possible only between two like atoms or atoms of nearly identical ehc- 
"tnegativitL because only then can two resonance structures of 

e<sentiallv eciual stabilities result. , ■ aa 

There exist abso a limited number of inolecu es wlucb “ 

numbers of electrons. The.se are called odd moUadcs, and their 
Stabilities are apparently due to the presence of 3-electron bonds^ 
i three bonding electrons are available, a structure involving two 
!.toms and H might, without violation of the Pauli principle, amount 

A; -B and A- :B 

essentially, the same energies, and resonance u A • • • B. 

stabilize a bond which in effect ‘ f''^“,",„„.pair ’bond and 

Such a bond has about half more than 

forms between like bonds might character- 

0.5 in eleetroncgati\it>. fl„„rine nitrogen-oxygen, nitrogen- 

ize linkages in the pairs o-xyg 3 l^^tron bonds are found 

chlorine, and chlorine-oxygen. Important 3 elect 

in the species NOCN^O:,,NO,(:0--N=0:,,0K(:C^ 

F .), CIO, (1 0-C1--0 :), OrCO-O:-), 0, C O.v.0 .), 

Ob. raiihngl ne Nalarr »/ Bead, gnd Ed., pp. 13-19. Cornel. 

University Prcs.s. Ithaca (1940). 

'• Ibid., pp. 264-271). 
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0N(S03)2-* (: 6 ^^N(S 03 ) 2 -’), and Hei+ (He • • • He+). These 
materials are discussed individually in later chapters. If a regular 
electron-pair bond is present in addition to the 3-electron bond, e.g. 

the energy of the structure is close to that of the dimeric 
arrangement : A—B—B—A : Sometimes the dimer may be the 
more stable (e.g., NO 2 gives N 2 O 4 ), and sometimes the reverse may be 
true (e.g., NO does not dimerize e.xcept at very low temperatures). 

Atomic Crystals or Giant Molecules. In a solid such as the diamond, 
silicon carbide, boron nitride, or aluminum nitride, complete electron- 
pair covalent bonding links all atoms together in all directions in 
space. As a consequence, it is impossible to distinguish individual 
molecular groups, and any particle of the material may be regarded as a 
molecule. Such solids are characterized as atomic crystals or giant 
molecules. Because of the comparatively large numbers of bonds 
which would have to be broken to produce rupture of any type, such 
substances are characterized l)y extreme hardnesses, low solubilities 
in all solvents, high melting points, and high boiling points. They 
are, of course, non-conductors. 


Electron-Deficient Covalent Structures. In some instances, elements 
\vith fewer valence electrons than valence shell orbitals (e.g., boron, 
aluminum, platinum) form covalent compounds in which there are 
insufficient electrons present to account for electron pair bonds among 
all the atoms present. Typical of these compounds are the boron 
hydrides such as BjH« and B,H,o (pp. 774-795); the dimeric aluminum 
alkyls such as (Al(CHa)a ]2 (p. 743); the tetrameric platinum tetra 
alkyls such as [Pt(CH3)4]4; and certain interstitial compounds (p. 221). 
Such materials are called electron deficient and present interesting 
problems concerning structures and bond types.*^-** 

Early views relating the structures of certain of these compounds to 
resonance forms involving 1-electron and electron-pair bonds appear 
less tenable than postulations requiring bridge structures. The 
natures of such bridges and their origins, however, are in some ques¬ 
tion. Pitzer” considers the boron hydrides to contain double bonds 
m which protons are imbedded (protonated double bonds), a concept 
which has met ^vith considerable favor«> (pp. 790, 793). On the other 
hand, the dimenc aluminum alkyls are apparently bonded by electro- 
sUtic attractions between positive aluminum and negative carbon 

I! S' o' ^!**®'‘* 67, 1126 (1945). 

4 , H c ' Chevi. Soc., 68. 2204 (1946). 

» « S' Bundle: J. Am. Chem. Soc., 69, 1327 (1947) 

B. R. Rundle: Chem. Phys., 17, 671 (1949). 
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atoms*” (pp. 743-744). Rundle*- points out that in all compounds 
which possess electron-deficient structures, a metal with more low 
energy orbitals than valence electrons is combined with atoms or 
groups containing no unshared electron pairs. On this basis, it is 
postulated that electron-deficient bonding involves a tendency to use 
all low-energy orbitals and amounts to use of one normal bond (elec¬ 
tron-pair) and one unused excess low-energy orbital per bond. A 
complete evaluation of the relative merits of these proposals is beyond 
the scope of the discussion in this book. For details, the original 
papers should be consulted. 

hosterism and Isostcric Groups. In 1919, Langmuir** pointed out 
that in molecules or ions containing the same number of atoms and 


T.VBLF 6 14 


Physical Constants of Isostkric Molecules 


Property 


Ni 

Critirnl teniperaturc, ”0. 

- 127 

Criticftl [fressurp, atm. 

33 

Density of liquid, gram/ml. 

0 790 

1 

N’iscosity, poise (X 10"), 20*C. 
Magnetic susceptibility, Bohr 
magnetons (X 10*) at 40 
iifm., 16®C. 

100 

Thermal coruluctivify at 100®C. 
Refractive index of liquid, D 

0 O'jOO 

line, 16°C. 

Dielectric constant of liquid at 

O’C. 


Solubility in water, at 0®C. 

2 4 

Hydrate 

Heat of fnrmati(jn of hydrate, 

. 

.. 

kcal.,inolc 



Iso.stcric Moloiiilcs 


CD 

X,0 

CO, 

-122 

35 

0 793 

103 

3.5 4 

75 

0 8.)0(10'C.) 

Its 

1 

1 

1 

31 9 

0m 

1 ' ‘ 

1 0 858(10*C.) 
148 

1 

0 0543 

1 

0 12 

0 O.jOO 

0 12 

0 0506 

« 4 ♦ * 

1 193 

1 190 

3,5 

1 598 

1 305 
i\,OOlLO 

1 582 

1 780 
CO;0H:O 


14 9 

15 0 


the same total t.umtter of elc-trons the eledrons 

arrange themselves in a similar fash.on. (.roups o th,s type «erc 

“■" 7 ' 

t r;:.—... -... e.- 


ir: J. .!'«• 


Chem. Soc., 41. 1543(1919). 


e‘ I. Langrnii 
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and NjiO-COj. Comparable similarities may be expected in other like 
pairs, although the majority of the groups listed by Langmuir and 
summarized in Table 6*15 possess charge differences. Many cases of 
isomorphism can be reconciled in terms of isosterism. 


TABLE 615 

IsosTEREs According to Langmuir 


Isosicric Groups 
H-, He, Li+ 

0-*, F- Ne, Na+, Mg+*, A1+* 

S-*, C1-, A, K+ Ca+*, (Sc**)* 

(Se-*), Br-, Kr, Rb* Sr**. (Y*») 
(Te-*), I-, Xe, Cs*. Ba*». (La**) 

(At-, Rn, Fr* Ra**, Ac**) 

Cu*. Zn+*, (Ga**, etc.) 

Ag+, CM**, (In**, etc.) 

(Au+, Hg**, Tl*», etc.) 

N,, CO, CN- 
CH,, NH«* 

COt, N,0, Nr, CNO-(ONC-, 0CN-) 


Isostcric Groups 
NO,-. COr* 

NOr. 0, 

HF, OH- 

cior, sor*. P0r*(Si0r*) 
Cior, sor* 
so,, POr 

s, 0 r». P, 0 r« 

s.Ot-*, p,0r* 

SiH*, PH4* 

MnOr, CrOr’ 

SeO^-*, AsOr* 

(IOr‘. TeOr») 


• Materials in parentheses not in Langmuir’s paper. 

The concept of isosterism as outlined by Langmuir is still commonly 
used by inorganic chemists, but others have extended and modified it 
somewhat.®* Thus, Grimm®® considered all molecules or groups con¬ 
taining the same number of valence electrons to be isosteric, regardless 
of the number of atoms involved, and used isomorphism as a criterion. 
These views were extended by Erlenmeyer and his coworkers,®’ who 
concluded that only the outermost or boundary electrons should be 
considered in determining isosterism. It is in this form that the con¬ 
cept has been of particular use in accounting for similarities among the 
properties of apparently unrelated organic structures. 


Miscellaneous non~electrostatic attnictions 

Substances consUting of non-polar molecules with completed elec- 
romc groups solidify at low temperatures to what are called molecular 
crystals. The forces holding such crystals together apparently arise 
rom electronic interactions (perhaps fluctuating dipoles, p. 187) and 

ave magnitudes of the order of 1 kcal. per mole. They are the non¬ 
specific van der Waals forces. 

433 (^947).^'^'^’'''"’ Kleinberg: J. Ckem. Bd^icalio^i, 24, 

( 1 ^ 29 )! ^ EUktrochcm., 31, 474 (1925); Naturvmsenschaften, 17, 535 

" H. Erlenmeyer, E. Berger, nnd M. Leo: Helv. Chim. Acta. 16, 733 (1933). 
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THE METALLIC BOND. NATURE OF THE METALLIC STATE 

The metallic elements are generally described as those which by 
virtue of the presence of compurutiveiy few electrons in the valence 
levels of their atoms tend to be electropositive in character. This is an 
adeiiuate description as far as chemical characteristics are concerned, 
but it is not useful in indicating the natures of the forces which exist 
within a solid metal. This metallic bond is probably better approached 
through a consideration of physical characteristics and how these 

may be interpreted in terms of a logical concept.** 

Among the physical properties which are characteristic of the type of 
aggregation which we call the metallic state are the following: 


1. Conduction phenomena. Metallic materials in general show high 
electrical conductivity witlrout material transfer and high thermal 
conductivity. Electrical conductivity is a periodic function of atomic 
number, being highest (per atom) for univalent metals, less for divalent 
metals and at minimum values for multiple electron metals. In 
general, it decreases with increasing temperature and resuhant incie^e 
hi the frequencies of atomic vibrations. Thermal conductivity has 

been less thoroughly studied. 

2 Optical characteristics. Metals are uniformly lustrous and all 
but copper and gold are silvery or grayish. It is apparent, excep 
with copper and gold, that metals must absorb light of all frequencies 

and immediately radiate it. , u * hv such 

resist the complete fracture Jf/^^xpld to radiation 

emit electrons. These - P photoelectric emission, there is 

electric and thermionic emissio . P emission 

glways a limiting or a certain 

occurs. It IS evident, “'em that an^ 

liminal amount of energy i»nendent up to the point at which 

electric emission is this temperature electrons are 

thermionic emission begins. ADOvc 

then emitted as a result of thermal energy. 

.. W, C. Femeliua and R. F. Itobey: /. Chem. FHueotmn. 12, 53 (.035). 
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5. Structural characteristics. Unlike the solid non-metaUic elements 
which are made up of aggregations of discrete molecules and are com¬ 
paratively open and with low densities, metals possess close-packed 
structures in which each atomic particle is associated with a number of 
close neighbors. Comparatively high densities thus result. 

Although these are properties which are thought of as characterizing 
all metallic substances, it must be emphasized that there are many 
borderline cases where an element possesses some metallic properties 
and some non-metallic ones. Sucli elements as antimony, germanium, 
and tellurium are cases in point. 

Any reasonable explanation of metallic structure or formulation of a 
metallic bond must be reconcilable with the foregoing characteristics. 
It is evident that in some fashion such a bond must involve the elec¬ 
tron since many of these phenomena are dependent upon electrons or 
can be accounted for in terms of electrons. According to Bernal,®® 
a metallic bond should possess the following characteristics: 

1. Ability to act between identical metallic atoms and at the same 
time between widely different metallic atoms. 

2. Lack of direction, as shown by retention of properties in the liquid 
state, and of saturation to permit large numbers of close neighbors. 

3. Attractive force varying inversely as some high power of the 
internuclear distance. 

4. Equilibrium repulsive force which is atomic in nature. 

5. Ability to permit electron transfer from atom to atom. 

These characteristics are inherent in modern electronic theories. 

Electronic theories of the metallic bond 

Modern views are based upon a combination of investigative and 
theoretical approaches. Experimental evaluation of the physical 
properties summarized above, plus additional study of conduction 
phenomena using solutions of alkali and alkaline earth metals in 
liquid ammonia, indicate clearly the presence of comparatively free 
e ectrons in metals. Emission and conduction phenomena may be 
explained logically in this fashion, as may also optical characteristics if 
it 18 assumed that immediate radiation of absorbed light energy is 
rendered essential by rapidly moving electrons. With regard to solu- 

lons of metals in liquid ammonia, it is found that metals which lose 
e ectrons very readily often dissolve extensively (and reversibly) in 

•• J. D. Beraal: TraM. Faraday Soe., 26, 367 (1929). 
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liquid ammonia to yield solutions which possess bronze colors if con¬ 
centrated and blue colors if dilute (pp. 347-349). The bronze solu¬ 
tions exhibit the high electrical conductances characteristic of solid 
metals whereas more dilute solutions show electrolytic conductance. 



Fio. 6-7. Kffect of concentration on conductances of solutions of sodium in 

liquid ammonia. 


This is sl.own in Figure G7.’» The properties of such solutions arc 
best accounted for in terms of the equilibrium (using an alkali metal as 

typical) 

M + {x + M(NH3).+ + e“(NH,)„ 

The ammonated electron is blue in color (p 348). That electrons 
may be removed from metals by ammonia is indirect evidence of their 
original presence in those metals in comparatively free stato. 

Modern electronic theory of the metallic bond may be traced 
to Drude ” who envisioned metals as containing numbers of free elec 
Uons mting in spaces among atoms like the molecules of the ideal 

p. tude (4), 1. 56C (1000); |4|, 3, 369 (1900). 
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kinetic theory gas. Subsequent expansions of this concept brought 
Lorentz^* to the belief that solid metals consist of lattices of rigid 
cation spheres with free electrons moving in the interstices. These 
electrons are the ordinary valence electrons associated with individual 
atoms. With the development of quantum mechanics and enuncia¬ 
tion of the Pauli exclusion principle (p. 91), this view was modified 
to this extent: although electrons within a certain piece of metal might 
be considered free, they actually are held by all the atoms in the aggre¬ 
gated structure and occupy a large number of discrete energy states 
each of which can hold no more than two electrons. These electron.s 
may thus be regarded as occupying limited i)ands within the bulk of 
the material. Although a detailed treatment of the subject is beyond 
the scope of this presentation, it can be shown that electrons in these 
bands (Brillouin zones) may be transferred from one energy state to 
another without the expenditure of excessive amounts of energy. It 
is because this can occur that electrons within metals are comparatively 
mobile. As a working concept, therefore, we may regard a metal as 
consisting of a mass of positive ions immersed in a sea of electrons. 
Since there are not enough such electrons to give stable electronic 
groups around all materials, individual electrons may be considered as 
holding more than two ions together in the lattice. This produces an 
essentially dynamic electron lattice, but these electrons are restricted 
to certain energy zones and can move from one such zone to another 
only under specialized energy conditions. For a more comprehensive 
summary of the quantum mechanical view of the metallic bond, the 
reader may consult any of the numerous excellent summaries which are 
available.”"’^ 

An alternative view of the metallic bond, which is somewhat easier 
to visualize, has been offered by Pauling.It pictures a metal as a 
structure in which 1-electron and electron-pair bonds resonate among a 

” H. A. Lorentz: The Theory of Eleclrone, G. E. Stechert and Co., New York 
(1923). 


P. Seitz: Modem Theory of Solide. McGraw-Hill Book Ck)., New York (1940). 

Seitz and R. P. Johnson: J. Applied Phys., 8, 84, 186, 246 (1937). 

J. C. Slater: Reve. Mod. Phys., 6, 209 (1934). 

’•C. W. StillweU: Crystal Chemistry, Ch. III. McGraw-Hill Book Co., New 
York (1938). 


H. J, EmeUus and J. S. Anderson: Modem Aspects of Inorganic Chemistry, 
Ch. XIII. D. Van Nostrand Ckjmpany, New York (1938). 

”L. Pauling: The Nature of the Chemical Bond, 2nd Ed.. Ch. XI. Ornell 
University Press, Ithaca (1940). 

I’L. Pauling: J. Am. Chem. Soc., 69, 542 (1947). 

•L. Pauling: J>roc. Roy. Soc. (London), A196, 343 (1949). 

"L. PauUng: Physica, 16, 23 (1949). 
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number of positions. This concept is in agreement with observed 
interatomic distances in many metals and with the close packing and 
maximum crystal coordination numbers (p. 143) which characterize 
metal structures and thus promote increasing numbers of possible 
bond positions. Other characteristics of metals may also be accounted 
for in terms of this concept.’* Metals have the mechanical properties 
of ductility and malleability because the numbers and directions of 
bonds which individual atoms can form are not restricted, and bonds 
remaining after deformation are as strong as those existing before. 

It is apparent that the metallic bond possesses characteristics of 
both ionic and covalent bonds but is at the same time somewhat dis¬ 
tinct from each. Just as there are intermediates between truly ionic 
and truly covalent bonds, so also there are intermediates between 
ionic and metallic bonds and between covalent and metallic bonds. In 
fact, there are many species other than the pure metals which possess 
metallic properties to greater or lesser degrees. Among them are 
the following: concentrated solutions of metals in liquid ammonia 
(p. 348), solid metal ammonates such as Ca(NHi)6 (p. 351), certain 
free radicals such as (CH,).N which yield amalgams, certain alkyls 
such as CalliHg which are conductors, sulhdic minerals such as FeSi 
and PbS, compounds containing homatomic anions such as polystan- 
nides and polyplumbides (p. 732), and the alloys and intermetalhc 

compounds. 


The natures and compositions of alloys 


.\lloys in general are of the following types. 

1. Simple mixtures, where the component metals are mutually 

insoluble in each other in the solid state. 

2 Solid solutions, where the atoms of one component fit them^lves 
into the crystal lattice of the other. Such solid solutions are of two 


a. Substiiulional solid soMUms, in which atoms of one ^ 

occupy positions in the crystal lattice of a second element that were 

occupied originally by atoms of that second element. 
of this sort is governed by the comparative sizes of the atoms o the 
two elements ^ If the atomic radii are identical or nearly so (e.g., 
Cu = l”75 A and Ni = 1.243 A), complete solid solubihty will 

result If the radii are somewhat divergent (e.g., Sn - 1.50 A an 
Pb = 1 746 A), only limited solid solubility will occur. Solid solu- 
bdity is also favored by lack of electronegativity differences between 

the two materials. 
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The Natures and Compositions of Alloys 

b. InteTstiiial solid soluiions, in which very small atoms of non- 
metallic elements (e.g., H, B. C, N) occupy positions in the interstices 
of the metal lattices. In general, the structures of the metals are pre¬ 
served, though often distorted, and the stoichiometry of combination is 
determined by solubility. According to Hiigg/- interstitial solid 
solutions result only if the ratio of the atomic radius of the non-metal 
to that of the metal is less than 0.59. Subsequent discussions will 
cover interstitial hydrides (p. 411), nitrides (p. 579), carbides (p. (>99), 
and borides (p. 769). 

3. Intemxeiallic compounds or intermediate phases, where atoms of 
more than one metal appear in apparently stoichiometric proportions 
although in no relation to ordinary valence rules. Ob.served composi¬ 
tions are rather those necessary for greatest crystal stabilities and 
metallic bond strengths. 

The intermediate phases merit further treatment. That they are 
not valence compounds in the ordinary sense is evidenced by such 
typical compositions as AuMg.i, CdijK, and BiTe. Their metallic 
properties indicate lack of complete utilization of all valence electrons. 
In general, such intermediate phases seldom involve metals of the 
same periodic group and never metals of the same periodic subgroup or 
family. Furthermore, it appears that a given metal either combines 
with all the members of a particular subgroup or with none. 

In many binary systems, the addition of a metal of higher inherent 
oxidation number (M') to a metal of lower inherent oxidation number 
(M) gives the same general succession of alloy phases. This phenom¬ 
enon may be indicated roughly as 


a 

a -b 0 

0 

0 y 

y 

y + < 

6 

< 4- >7 



Composition M' 


where o and jj are simple substitutional solid solutions and /9, y, t are 
intermediate phases. These intermediate phases, which are character¬ 
ized by maximum melting points, have, respectively, body-centered 
cubic, cubic with many atoms to the unit cell, and hexagonal close- 
packed structures. Portions of such successions of phases are shown 
or three alloy systems in Figure 6-8. Typical /3, y, and e structure 
compositions are summarized in Table 6-16. 

In an attempt to reduce such observations to common ground and to 
systematize the variety of formulations characterizing )8-phase alloys, 

**G, Hftgg: Z. phyaik. Chem., Bia, 33 (1931). 
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Hume-Rothery®® pointed out that for this phase the ratio of total 
valence electrons to total atoms is constant at 3:2 (or 21:14). If the 
valence electrons are taken as those in the highest principal quantum 
level, and the Group VIII elements are assumed to have no valence 
electrons, this generalization applies to many /3-phase compositions 
(Table 6 T 6 ). This principle was extended®* to the 7 -phase, where the 
corresponding ratio is 21:13, and to the ephase,*® where the ratio is 
7:4 (or 21:12). These ratios are commonly called the Hume-Rothery 



Fio. 6-8. Phase diagrams for some typical binary alloy systems. (Not drawn 

accurately or exactly to scale.) 


ratios. They have been of considerable value in relating apparently 
unrelated structures, although the many known exceptions (among 
them the ones given in Table 6-16) show that they are not invariable. 

In spite of these exceptions, the Hume-Rothery ratios apply in such 
a number of cases that they must have some theoretical significance. 
According to Jones,®® " when electrons are fed into the lattice of a 
metal in its formation, the last electrons to enter a given Bnlloum 
zone (p. 219) may either overflow into the next permitted zone or the 
lattice may change to accommodate more electronic states within the 
first zone, i.e., a new phase may result. The numbers of electrons 
required per atom to fill the necessary Brillouin zones are: for the 
/ 3 -phase, 1.480, and for the 7 -pbafie, 1.538. The experimental Hume- 

•* W. Hume-Rothery: J. Inst. Metals, 36, 295 (1926). 

•« A J Bradley and J. Thewlis; Proc. Roy. Soc. {London), A112, 678 (1926). 

F. Westgren and G. Phragm^n; Metallwirtschaft, 7, 700 (1928); Trans. 

(>034); A44V, 

•»N. F. Mott and H. Jones: Theory of the Properties of MelaU and AUoyt, 
pp. 170-174. Garendon Press, Oxford (1936). 
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Rothery ratios of 1.50 and 1.615, respectively, are thus in quite good 
agreement with the calculated, especially since each phase may cover a 
considerable range of compositions (e.g., with Cu-Zn, the 7 -phase 
embraces ratios from 1.58 to 1.66). It is also pointed out®*-®’ that 
phase transformations might be expected at ratios slightly greater 
than the theoretical ones because occupation of a few more energy 
states than those representing a filled zone may be essential to the 
production of a change in crystal structure. 


TABLE 616 

Typical Binary Intermediate Phases 


^-Structures 

7 -Structurcs 

fStructures 

1 

Example 

Valeiic6 Elec- 

; Example 

1 

Valence Elec¬ 

1 

Example 

Valence Elec¬ 

trons: Atoms 

trons: Atoms 

trons: Atoms 

CuZn 

3:2 

CutZctt 


CuZni 

7:4 

AgZn 

3:2 

AgiZn* 


AuZdi 

7:4 

Cu,Al 

3:2 

CuiAl« 

21:13 

AgCd, 

7:4 

CutSn 

3:2 

CuiiSni 

21:13 

AgjAlj 

7:4 

FeAl 

3:2 

Na„Pb» 

21:13 

CuiSn 

7:4 

Ag,Al 

3:2 

OoiZnti 

21:13 

CuBci 

7:4 

CutSi 

3:2 

CuiGa4 

21:13 

C\iiGe 

7:4 

CoZnt 

3:2 

NitZnn 

21:13 

FeZn? 

7:4 

LiAg 

2:2 

LiioPbt 

22:13 



LiTl 


LiioAgt 

13:13 



MgTl 

5:2 

1 

1 

! 


AINd 

6:2 





TlSb 

8:2 






As an alternative, Pauling and Ewing®* suggest that the stabiliza¬ 
tion of such intermediate phases results in part from the valence 
electron-atom ratio and in part from the filling of Brillouin polyhedra. 
For a typical Brillouin arrangement, a certain number of electrons per 
umt cell is required, and this number is provided by appropriate 
stoichiometric combinations of metals in terms of their metallic 
valence 8 .’*~*^ For more details, the original paper should be consulted. 

CLATHRATE COMPOUNDS 

Certain solid molecular compounds have been prepared in which a 
molecule of one component is completely enclosed by one or more 
molecules of a second component in such a way that its escape is pre¬ 
vented unless the forces which bind its surroundings together are 

**L. Pauling and F. J. Ewing: Revt. Mod. Phys., 20. 112 0948) 
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overcome. Such cage compounds have been called clalhrale com¬ 
pounds®’ (Latin clalhralus, enclosed by cross bars of a grating). In 
general, they occur when mixtures of the components are crystallized 
under optimum conditions. Their properties are roughly those of 
the enclosing material. Such compounds arc stable at ordinary 
temperatures with respect to decomposition into their components, 
but melting or dissolution permits the enclosed component to escape. 
Examples are hydroquinone compounds which approach the com¬ 
position (C,HeO,), X(X = HCl, HBr, HS, CHjOH, SO,, CO,, HCN, 
etc.); amine compounds containing sulfurous acid, e.g. (p-H,NC6H4- 
NHi)»-H,SOi; phenol compounds, e.g. (CsHeO)4'SO,, (C#H«0)i'S02, 
(C«HflO)8‘CO,; and certain compounds of the inert gas elements 

(pp. 382-383). 

It is obvious that the conditions under which clathrate compounds 
can form are limited and highly specific. Among those of importance 

are: 


1. An open crystal structure in the enclosing component. This 
necessitates directed linkages holding the molecule and crystal together, 
sufficient extension of the groups to form a cavity of suitable size. 


and a rigid structure. 

2. Small access holes to the enclosed cavity. This may result from 
cither proper disposition of groups in the formation of the crystal or 

sufficient surface area in the enclosing groups. 

3. Ready availability of the trapped component at the time when 

the cavity is closed. 


Such compounds arc of considerable theoretical inter^t but are 
lacking in practical importance. Information on possible arrango- 
mentsln clathrate compounds and the structures which lead to them is 

to be found in Powell’s discussions.” 


NON-STOICHIOMETRIC COMPOUNDS 

The law'of definite proportions is one of the basic tenets of 
Its validity is indicated by the restrictions impo^d upon bond forma 
tion where electrons are involved as already outlined and WP’' 
!on is generally the assumed basis for any type of eheimcal combina- 

..H, M. Powell:/.C»rm.S«:.,l»48, 61; Bmfeiwmir, 9, 154 (1950); , , 

353 (1947-1948). 
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ric compounds as opposed to the normal Daltoiiide or stoichiomotrie 
compounds. As examples, one may rite certain metallic hydrides 
such as VH 0 .S 8 , CeH2.69 (p. -Ill); certain oxides such as TiO,. 7 _i.«, 
Feo.«0, WOj.88-2.92j such sultides, selenides, and tellurides as CU 1 . 7 S, 
Cui.ftSe, Cui.csTe, CuFeSi.g*; the tungsten bronzes, NarWOj; etc. 
Combinations of these types arc particularly common among minerals. 

Lack of true stoichiometry of this type is associated with so-called 
defect crystal lattices. Defects in a crystal lattice amount to variations 
from the regularity which characterizc.s the material as a whole. 
They are of two types: 

1. Frenkel dejects, in which certain atoms or ions have migrated to 
interstitial positions some distance removed from the “holes” which 
they vacated. 

2. Schotlky defects, in which “holes” are left in random fashion 
throughout the crystal because of migration of atoms or ions to the 
surface of the material. 

Although both types of defect probably characterize crystals of non- 
stoichiometric compounds, the Schottky defects are the more impor¬ 
tant. Obviously detectable departure from true stoichiometric com¬ 
position can result only if serious defects are present. It would follow, 
therefore, that many apparently stoichiometric compounds are not 
truly so. If excess metal is present in a crystal, it may also result 
from partial reduction of high-valent cations; whereas if excess non- 
metal is present, higher valent cations or lower valent anions than 
those normally present may be responsible. Many instances are 
known of multiple oxidation number in a single crystal. Non- 
stoichiometric compounds often show semi-conductivity, fluorescence, 
and centers of color. For a comprehensive discussion of this rather 
complex subject, a detailed review®" should be consulted. 

SUMMARY OF BOND TYPES 

The important linkages which hold together the components of 

crystalline solids and their general characteristics may be summarized 
as follows: 

1. Ionic linkages, in which the crystals are made up of regular geo¬ 
metrical arrangements of positive and negative ions. Such soUds 
tend to possess high melting and boiling points, are hard and difficult 
to deform, and tend to be soluble in polar solvents. When dissolved 
m such solvents or fused, they are excellent conductors. Crystals 

J. S. Anderson: Ann. Reports, 43, 104 (1946). 
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characterized by such linkages are called ionic crystals. The salts 
are examples. 

2. Covalenl linkages, in which the crystals are made up of molecules 
produced by the sharing of electrons, usually in pairs, between atoms 
of the elements involved. Such solids possess properties essentially 
opposite from those outlined for ionic crystals, although the partial 
ionic characters of many covalent bonds effect corresponding modifica¬ 
tions. The following types of covalent crystalline solids may be 
distinguished: 

a. Nan-polar molecular crystals, where weak attractive forces 
resulting from electronic motion are responsible for crystal stability. 
Such crystals are soft and easily melted or vaporized. Solid hydro¬ 
gen, solid helium, and solid carbon tetrachloride are examples. 

b. Polar molecular crystals, where orientation of dipoles results in 
somewhat greater attractive forces and consequent increases in 
crystal stability. Although such materials are non-conductors, 
they do have enhanced melting points, boiling points, and solu¬ 
bilities in polar solvents over strictly non-polar crystals. Solid 
water, solid hydrogen chloride, etc., are examples. 

c. Atomic crystals, where three dimensional covalent bonding 
results in giant molecules. Such crystals are resistant to deforma¬ 
tion and are often harder and higher melting than ionic crystals. 
Diamond, silicon carbide, etc., are examples. 

3. Metallic linkages, in which mobile electrons provide the necessary 
forces for crystal stabiUty. Such solids are characterized by tough¬ 
ness, malleabiUty, ductility, high conductivity, luster, and insolubility 
in liquids other than molten metals. Any metal would be an example. 

A useful summary of this general type has been given by Sisler.« 
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CHAPTER 7 


Complex Ions and 
Coordination Compounds 

An abundance of information has been accumulated about so-callcd 
molecular or addition compounds, i.e., compounds formed by combina¬ 
tions of apparently saturated materials which are capable of inde¬ 
pendent existence. Such substances vary widely in their inherent 
stabilities and other properties. Some appear to exist only in crystal 
lattices and undergo decomposition into their components when these 
lattices are disrupted by dissolution or other treatment. Others 
retain their identities as molecules or ions when dissolved and can be 
recovered from solution as such. With some, the physical and chemi¬ 
cal properties appear to be essentially those of the components; with 
others, they are completely different. In some, the binding is ionic 
in character; in others, it is covalent. Yet it is convenient to discuss 
all of these materials as a broad class because the methods of prepara¬ 
tion and many other characteristics are the same. 

Molecular compounds of these types are referred to broadly as 
complex compounds or coordination compounds, and the corresponding 
ions are usually called complex ions. Sometimes they are called 
Werner complexes because of Werner’s elucidation of their structures 
and properties (pp. 229-230). Those which possess sufficient stabili¬ 
ties to retain their identities in solution have been called penelToiion 
complexes.^ These are indistinguishable in general from ordinary 
covalent compounds, although in some cases the bonding in them is 
apparently more nearly ionic than covalent (p. 261). Correspond¬ 
ingly, those which are reversibly dissociated in solution into their 
cornponents are called norma/ complexes. These are predominantly 
ionic in character. Thus ions such as Fe(CN)fl-^ or Co(NHa)6+* 
coidd be called penetration complexes, whereas ions such as Cd(CN) 4 -* 
or Co(NH,),+* could be called normal complexes. The classification 
IS more one of convenience than of fundamental importance. 

* W. Biltz: Z. anorg. allgetn. Chem., 1$4, 246 (1927). 
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SYSTEMATIC APPROACH TO COMPLEX SUBSTANCES 

The systematic study and explanation of the natures of these com¬ 
plex materials may be approached by citing some experimental 
observations of long standing and then determining in what fashion 
they may be reconciled and explained. As typical of those on the 
so-called penetration complexes, let us consider data relative to 
ammonia-containing compounds derived from cobalt (III) chloride. 
Treatment of a(iueous col)alt(II) chloride solutions with excess 
ammonia, followed by oxidatioii, yields solutions from which a variety 
6 f compounds can be isolated. Among those of importance are: 


1. Luteocohaliic chloride, CoCU’CNHa, an orange-yellow crystalline 
compound. Treatment of this compound in the solid state with 
sulfuric acid liberates all the chlorine as hydrogen chloride and leaves 
a sulfate, Co 3 (S 04 ) 3 T 2 NHj. Treatment of the solid with hydrochloric 
acid even at iOO®C. effects no removal of ammonia. Conductance 
measurements on a(}ucous solutions of the compound indicate the 
presence of four ions (p. 232), and treatment of such solutions with 
silver nitrate precipitates all the chlorines immediately. Similarly, 
treatment of the solid with moist silver oxide gives a water-soluble, 
strongly basic compound of composition CoOOH-GNHj, which, on 
addition of acids, reforms salts of the type CoXj-GNHi. Stable 
bonding betw'een cobalt and ammonia is indicated. 

2. Roseocobaltic chloHde, CoClj-SNHj HjO, a pink crystalline com¬ 
pound The water present in this compound is firmly held at room 
temperature and is lost only at 100"C. or above, when the new com¬ 
pound CoClj'SNH, results. Conductance measurements again show 
the presence of four ions, and again all the chlorines are >mmed,ately 
precipitated by silver ion and are thus ionic m character. E%en 
though this compound contains less ammonia than the luteo chloride 
(above), its properties are closely comparable, suggesting an essential 

equivalence between water and ammonia m its structure. 

3 PurpureocobaUic chloride, CoCU-5NH„ a violet-colored com¬ 
pound. When treated with sulfuric acid, this 
L chlorines as hydrogen chloride, leaving as 
a compound which in aqueous solution yields no immediate 
with silver ion. Conductance measurements on solutions of the pur- 
;?reo ehbride show the presence of three ions, and from -ch solutmns 
Lly two chlorines are precipitated by silver lom The 

third chlorine is precipitated only slowly and after long standing 
boiling. A difference in chlorine bonding is thus indicated. 
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In addition, two related compounds, one violet in color {violco- 
cobaltic chlondc) and the other green {praseocubaliic chloride), but both 
having the composition CoCl3-4NIl3, can be prepared. The conduc¬ 
tances of solutions of these compounds show the presence of OJily two 
ions, and from them only one chlorine is immediately precipitated by 
silver ion. Yet the chemical behaviors of these two compounds are 
quite different. 

This information, together with a tremendous amount of similar 
data on corresponding platinum, palladium, chromium, etc., com¬ 
pounds, was accumulated before any information on electronic struc¬ 
tures and chemical bonding was available. Obviously, some theory 
which not only could account for the e.\istence of such compounds 
but also could at the same time explain the striking changes in prop¬ 
erties produced by small changes in composition (e.g., alteration of 
ammonia content in the foregoing series) was essential. Early inter¬ 
esting but wholly unsuccessful explanations offered by Blomstrand, 
Jorgensen, and others-- ^ are of no more than historical importance and 
need not be discussed. Modern theory may be traced to the work of 
Alfred Werner, to whom complete credit must be given not only for 
advancing a correct explanation for the characteristics of these com¬ 
pounds but also for producing a theory which anticipated later devel¬ 
opments in structural chemistry and was sufficiently flexible to accom¬ 
modate them without essential alteration. 

Werner’s original interests in organic compounds and valency in 
general led him to consider the molecular compounds mentioned 
above. In 1893, these considerations were crystallized in a dream 
into a comprehensive theory. It is said that by noon of the day 
follomng this dream, Werner had completed the revolutionary paper' 
which summarized these views on structures and properties and 
opened an entirely new field for investigation. In the subsequent 
twenty years, Werner devoted himself to proving the postulates of 
his original theory and produced a truly classical series of publica¬ 
tions. It is significant that every postulate was verified experimen- 

Werner but by many others working independently 
1 he Nobel Award was a fitting recognition of Werner’s contributions 

as folW be summarized 




of the Inergan 

i^ompox^. John Wiley and Sons, New York (1923). ^ 

Vierte ^tT Gebi^Ud^ anorgani»chni Chtmie 

vime AuRage. T. Viewig u. Sohn, Braunschweig (1920). 

A. Werner: Z. anor^. Chem., 3, 267 (1893). 
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1. Metals possess two types of valency, so-called primary (principal) 
or ionizable valency and secondary or non-ionizable valency. 

2. Every metal has a fixed number of secondary valencies, or coordi¬ 
nation number (see footnote, p. 143). Thus, for example, cobalt(III) 
and platinum(IV) were recognized as having six such valencies (coordi¬ 
nation number = 6), whereas copper(II) has four (coordination num¬ 
ber = 4). 

3. Primary valencies are satisfied by negative ions whereas second¬ 
ary valencies may be satisfied by either negative groups or neutral 
molecules. In certain instances, a given negative group may satisfy 
both, but in every case fulfillment of the coordination number of the 
metal appears essential. Modern studies have shown that a limited 
number of positive groups may also occupy coordination positions. 

4 . The secondary valencies are directed in space about, the central 
metal ion. Thus six such valencies were regarded as directed to the 
apices of a regular octahedron circumscribed about the metal ion 
whereas four such bonds might be arranged in either a planar or a 
tetrahedral manner. This postulate predicted a variety of types of 
isomerism and was the most difficult to prove. Indeed, it was not 
until nineteen years had elapsed before Werner obtained conclusive 
proof through the actual resolution of a strictly inorganic compound 
into its predicted optical isomers (p. 205). 


Application of these views to the ammonia derivatives of cobalt(in) 
chloride already mentioned above will illustrate the utility of Werner s 
views If, followng Werner, primary valencies are designated by 
solid lines and secondary valencies by dotted lines, these compounds 

may be formulated as 


1. Coa,-6NH, 



2. CoCl3*5NH,-H,0 
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3. Coaj*5NHs 


4. CoCl,-4NHj 



Satisfaction of six secondary valencies is characteristic of each. These 
formulations predict the correct number of ions in each case (pp. 228- 
229) as well as firm association of chlorine with cobalt in the last two 
cases. The existence of two forms of CoCU'4NH# (p. 229) is due to 
differing three-dimensional arrangements of the four ammonias and 
two chlorines about the central cobalt(III) ion (p. 262). 

In order to designate materials held by secondary valencies (i.e., 
so-called coordinated materials), it has become customary to enclose 
the metal ion and all such materials in square brackets when writing 
formulas. Thus the compounds just considered are written os 

[Co(NHa)dCl,,[Co(NH3)sCH,0)]Cl,,[CoCNH,),Cl]CI,,[Co(NH,)4CU]Cl 

the entire material within brackets functioning as an ion in each 
cose and everything outside the brackets also being ionic in character. 
The portion so enclosed is called the coordination sphere. Use of this 
notation, satisfaction of the coordination number of the metal in 
question, effect of entry of anions into the coordination sphere upon 
the oxidation number of the complex, and alteration in number of 
ions due to such entry are summarized for some platinum (IV) com¬ 
pounds in Table 71. These may be regarded as typical of the entire 


TABLE 71 

Some Data on Coordination Compounds 

OP Platinum(IV) 

pormula 

Ai9i«, ohm ^ 

Ions Indicated 

(Pt(NH,),]Cl« 

523 

5 

lPt(NHO»aiCl, 

404 

4 

lPt(NH,)«Cl,)CI, 

229 

3 

lPt(NH,),Ci,lCl 

97 

2 

(Pt(Nn,),ci4) 

0 

0 

K(Pt(NH,)CU] 

108.5 

2 

K,(Pta,J 

256 

3 
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field. In this table the number of ions present in an aqueous''solution 
of each complex is indicated by the magnitude of the equivalent con¬ 
ductance at a dilution of 1024 liters (Aioji). At this dilution, values of 
520 to 560 ohm"* show five ions, 400 to 430 ohm"* four ions, 230 to 260 
ohm"* three ions, and ca. 100 ohm"* two ions. It is noteworthy that 
when the number of coordinated anions is sufficient to balance exactly 
the oxidation number of the central metal, a non-electrolyte results. 


ELECTRONIC INTERPRET.ATIONS OF COMPLEX MATERIALS 


Transfer of Werner’s general views to an electronic basis is due 
largely to Sidgwick^ and Lowry.* Werner’s primary valencies were 
regarded as amounting to electron transfer and his secondary or non¬ 
ionic valencies to electron pair sharing. Inasmuch as the majority of 
the groups which coordinate to metal ions have in their structures 
atoms with unshared electron pairs, these covalent bonds were con¬ 
sidered to arise by the donation of electron pairs to the central metal 
by these groups. Bonds of this t>'pe have been characterized as 
coordinate bonds, (p. 193), although the term semi-polar is sometimes 
applied. Because the coordinating groups act as donors, bonds of 
this type have often been indicated by arrows. Thus the [CofNHjle^* 
ion may be written 



The concept of direct donation of electron pairs to a central 'atjO" 
open to question. Such a concept involves the rather improbable 
accumulation of negative charge on a normally electropositive materiah 
Thus, in an ion such as ICofNIl.).)-^’. donation of an electron pair by 
the nitrogen in each ammonia requires that the cobalt actually become 
negative with respect to the ammonias. Such a condition is mani¬ 
festly unlikely. Furthermore, the lone pail's of electrons spoken of as 
being donated are in many instances (e.g., with water, ‘ 

amines, etc.) s electron pairs which have no bonding 

(p 19B). Certainly excitation of one such electron to some higher level 


^ N V. Siclgwirk: J. Chem. 5oc., 123» 725 (1923)* 

• T M- Chein. Itid., 42, 316 (1923). 



Ck. 7 Electronic Interpretations of Complex ^faterials 233 

where it might have bonding character retjuires more energy than is 
available through bond formation and docs not appear as a likely 
solution to the problem. 

Various alternative explanations have been offered in attempts to 
overcome these objections but still preserve the essentials of the Sidg- 
wick theory. Perhaps the most signiheant of these is based upon the 
metal ion acting as both an electron donor and acceptor. This pre¬ 
serves the expected charge balance, but in unmodified form the con¬ 
cept is difficult to interpret. However. Pauling’s views on the hybridi¬ 
zation of orbitals’ (pp. 201-204) not only embrace this concept in a 
logical fashion but also overcome the objection of bonding by non- 
bonding electrons. Because of the only ^■ery slight energy differences 
among (n — \)d and ns or np orbitals among the transitioti metal 
ions in particular, a redistribution of electrons among these orliitals 
to give hybrid bonds is possible and several (normally four or six) 
bonds become available. In this process, it is probable that certain 
orbitals are first vacated and then reoccupied. Change from para¬ 
magnetism to diamagnetism during complex formation in many 
instances suggests this to be true. Further and more detailed discus¬ 
sions will be found later in connection with material on stereoisomerism 
(pp. 25G-261). 

The concept of hybrid bonds requires that all lionds be covalent in 
character. Although it might be highly desiral)lc to group all so-called 
coordination compounds and complex ions under this single valency 
type, the properties of these compounds (p. 227) do not warrant such 
an all-inclusive classification. Not only arc the extremes of covalent 
and ionic bonding represented but also all intermediate cases as well 
as many in which attractions of the ion-dipole type are important. 
Thus, to cite an example, the ion [CofCjOAs]'’ can be resolved into 
optically active isomers whereas the formally similar ion fAl(C 204 ) 3 ]“’ 
apparently cannot, an indication that the covalent bonding present in 
the cobalt complex does not characterize the aluminum one (p. 2GG). 
No attempt should be made to limit complexes in general through a 
rigid valence theory. The true worth of studying such materials lie.s 
not in adapting them to a rigid pattern but in using them to illustrate 
a variety of approaches. 

In an attempt to systematize known coordination numbers, Sidg- 
wick®-® devised the concept of effective atomic numl>er (abbreviated 

’L. Pauling: The Nature of the Chemical Bond, 2ad ISd., Ch. Ill Cornell 
University Press, Ithaca (1940). 

• N. V. Sidg%vick: The Electronic Theory of Valmcy, Ch. X, Clarendon Press 
Oxford (1927). 



234 


Complex Ions and Coordination Compounds Ch. 7 


E. A. N. in the literature). The effective atomic number of a metal 
in a complex is derived by deducting from the atomic number of that 
metal the number of electrons lost in ion formation and then adding 
the number of electrons gained by coordination (two for each coordi¬ 
nated group in general). In many cases, the effective atomic number 
so calculated is equal to the atomic number of the next heavier inert 
gas element, as shown in Table 7*2. Sidgwick and, particularly, 


TABLE 7 2 

The Effective Atomic Number Concept 


Metal 

Ion 

Atomic ' 
Number 
of Metal 

1 

Coordination 

Number 

1 

Fe** 

1 

26 

6 


27 

6 

Cu* 

29 

4 


46 

6 

Ir"^» 

77 

6 

?i** 

78 

6 

Cr** 

24 ' 

6 

Fe-^* 

26 

6 

Ni** 

28 

6 

Ni-"* 

28 

4 

Pd-*-* 

46 

4 

It** 

77 

6 

?i** 

78 

4 


Electrons 
Lost in Ion 
Formation 

Electrons 
Added by 
Coordination 

E. A. N. 

2 

1 

12 

1 

36(Kr) 

3 

12 

36(Kr) 

1 

8 1 

36(Kr) 

4 

12 

54(Xe) 

3 

12 

86(Rn) 

4 

12 

8G(Rn) 

3 

12 

, 33 

3 

12 

35 

2 

12 

38 

2 

8 

34 

2 

8 

62 

4 

12 

85 

2 

8 

84 


Blanchard' have laid considerable emphasis upon such equalities m 
indicating the coordinating tendencies of the various metal ions and in 

predicting the probable compositions of various 

ever there are sufficient important exceptions to this generality 

(Table 7-2) to indicate its utility as a first approximation but not as a 

basis for complete prediction. 

FACTORS INFLUENCING THE FORMATION OF COMPLEX IONS 

AND COORDINATION COMPOUNDS 

The formation of complex ions and coordination compounds is 
affected by many physical and chemical facto.. Some of the more 
important of these factors may be summarised ^ follows. 

1 Environmental Factors. Temperature and pressure are o 
important. Thus compounds containing coordinating groups w 

. A. A. Blanchard: CTrm. Rev,., it. 3 (1937); 36, 409 (1940). 
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are volatile (e.g., water, ammonia, and ethylenediamine) arc uniformly 
less stable at elevated temperatures and commonly undergo decom¬ 
position when heated. This is exemplified by the equation 

210®C. 

[Cr(en),]CU-»ICr(en)jCUlCl + en 

(en == ethylenediamine). In like manner, reduction in pressure above 
a compound often results in loss of a volatile component, a situation 
common among hydrated metal salts. Photochemical sensitivity has 

been less thoroughly characterized. 

2. Concentration Factors. The stabilities and even existence of 
complex ions in solution are markedly influenced by concentration 
changes. In many of the cases where complexes existing in the solid 
state are destroyed upon dissolution, solvent molecules apparently 
have greater tendencies to associate themselves with metal ions than 
the other groups present and thus destroy the original complexes. 
In some instances, however, addition of the original complexing agent 
in sufficient amount may regenerate the complex in measurable quan¬ 
tity. A case in point involves double copper(II)-alkali metal chlorides. 
In the solid state, yellow species of the type [CuCU]"® appear to exist, 
but, on dissolution in water, the characteristic pale blue of the hydrated 
copper(II) ion appears. Addition of excess chloride ion (as HCl, 
LiCl, or other very soluble chloride) causes appearance of a green 
color, suggesting the existence of an equilibrium of the type 

[Cu(H,0),]+» + 4Ch [CuChl-* + xH,0 

blue yellow 

Correspondingly, pink hydrated cobaltfll) ion is converted in aqueous 
solution to blue complexes by addition of chloride, bromide, or thio¬ 
cyanate, but upon dilution the hydrated ion is regenerated. 

On the other hand, concentration effects are often important where 
the species involved are inherently more stable. For example, 
aqueous chromium(III) chloride solutions slowly change from green 
to violet upon dilution, presumably because of displacement of an 
equilibrium of the type 

[Cr(H,0)6Cl]+3 + H,0 ^ [Cr(H,0)e]+* + Cl- 

greeo violet 

Although most common in reactions involving water, where the term 
aqualion is applied, the phenomenon is a general one, applying to 
many other materials as well. 

3. Nature of the Metal Ion. This is of primary importance. The 
most stable complexes result from cations derived from the transition 
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metals and the metals immediately following the transition elements, 
although as the charts given by Bailar'° show, the formation of 
coordination compounds is by no means limited to these materials. 
In a very general way, the metals from which the majority of the 
best-characterized complexes are derived may be summarized as 


V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 


Mo 

— 

Ru 

Rh 

Pd 

Ag 

Cd 


W 

Re 

Os 

Ir 

Pt 

Au 

Hg 


(U) 


Cobalt, chromium, and the platinum metals have been the most 
extensively investigated. Noteworthy by their absence are the 
alkali, alkaline earth, and lanthanide metals. It is apparent that those 
cations which ser\’e best as centers for coordination are the ones with 
comparatively small sizes and high nuclear or ionic charges (pp. 
210-211). If one accepts the opinion that coordination results from 
the acceptance of electron pairs by the cation or from ion-dipole 
attractions, it is only logical that such electron-attracting character¬ 
istics should be important. However, the absence of any absolutely 
direct relation between stability of product and size or charge (or 
both) of the central cation indicates that other factors also must be 
of importance. In terms of the Pauling concept of hybridization of 
orbitals (p. 201), the preponderance of complexes among a limited 
group of cations is apparent, for it is only among these materials that 
the necessary orbitals are available without the imposition of excessive 

energy requirements. 

4 Nature of the Coordinating Group. Almost any group (ion or 
molecule) having in its structure an atom «-ith an unshared- electron 
pair may act as a coordinating agent, although there are marked 
differences in the eaae with which such groups attach and m the 
stabiUties of the resulting products. Among simple coordinating 


TABLE 7-3 

Trends in Stabilities as Coobdikated Geoups 

DecreAamg otabuity 


NHi, RNH,. R,NH, RiN 
H,0, ROH, R,0, RCOR, RCHO 

RiAs, RiP, RjS. PX, 


CO, NO 

CN-, SCN-, F- OH-, C1-, Br- 1“ 


(R * alkyl or aryl radical) 
(X - halide group) 

*9 J. C. Bailsr, Jr.: Clum. Rcv$., 23, 65 (1938). 
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groups, the general trends noted in Table 7*3 ran be distinguished. 
That these are not absolute is indicated by such facts as the stabilities 
of pyridine complexes as opposed to the instabilities of most complexes 
containing tertiary amines and reversals in the order of stabilities of 
halide complexes from fluoride > iodide in some cases to iodide > 
fluoride in others. In general, a more strongly coordinating group 
will replace a more weakly coordinating one to produce a product of 
enhanced stability. 

In addition to groups which may be regarded as electron pair 
donors, ethylene and other organic materials containing ethylenic 
linkages form stable compounds with certain metal ions, particularly 
platinum. These compounds have been reviewed by Keller,*’ but 
their natures are not completely understood. It has become common 
to consider them as possessing metallatcd double bonds, the bonding 
electrons in the ethylenic linkages being assumed to associate with the 
metal ions as well.'^ 

5. Nature of the Ion Outside the Coordination Sphere. The thermal 
stabilities of coordination compounds are often affected by the tend¬ 
encies of external ions to enter the coordination sphere. Thus ions 
such as CN“, SCN~, Br“, CaOr*, and NOa" have pronounced 
tendencies to do this and may sometimes do so at the expense of 
materials already coordinated to the metal. On the other hatid, ions 
such as NOs" and, particularly, ClOi' show little or no such tendency. 
Complete absence of coordinating reactions is generally assured in 
perchlorate solutions, which are commonly used when no complexing 
is desired. 

6 . Ring Formation. Ring formation, resulting when a given 
coordinating agent can occupy simultaneously more than a single 
coordination position, is commonly of greater importance than any 
of the other factors already listed. Such ring-forming groups are 
referred to as polydentate groups, the most common being the bidentate 
groups or those which can occupy two positions. Morgan and Drew” 
have referred to the bidentate groups as chelating groups (from the 
Greek xnhii, crab’s claw) and to the resulting ring structures as chelate 
nngs. Ordinarily, such rings are most stable, presumably because of 
reduced strain, when they contain five or six members, including the 
metal ion. The extensive review by Diehl” lists many types of 
structures, most of them organic in nature, which yield chelate rings 

“ R. N. Keller; Chem. Revs., 28, 229 (1941). 

'* A. D. Walsh: J. Chem. Soc., 1947, 89. 

’*G. T. Moi^an and H. D. K. Drew: J. Chem. Soc., 117, 1456 (1920) 

H. Diehl: Chem. Revs., 21, 39 (1937). 
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TABLE 7-4 

Typical Chelate Structures (Bidentate Groups) 


Chclfiting Croup 


Typic&J CheUte9 


ClftAsific&tion 


Exftinplcs 


1. Two aciiJir group*: 

Inorganic diha*ic acida 
Organic dicarboxyhc acida 
Organic diaulfonie acida 


COr*. SOr>. SOr< 
CtOi'’. phthalato 
CHi(SOf)rt 


(Co(NHt)iCO>lX 

Mi'|M*"(C»04)iJ 

[Co«Di|CH,(SO>)i|}Br 


r*lIydroi> carbox>lic acids gJyculato, aaiicylaie 


Nai C 


■ < 


O—C 


Organic dianudca 


NM(C0NRt)9. (CONHi)f K>(Cu|(NHCO)tNH|t] 


Acidic dihydroxy compounds glycols, pyrocatcchol 


a^Hydroxy oximes 


Inorganic acid amides 


tt*acyloin oxim^ 


(NHi)»SOt 


[“■(a:)] 

Na(Rh(HiO}i|(HN)TSOi)i] 


2. One acidic group, one coordinate 
ing group 

a-Amino carboxylic acids RtC(NHt)COi* 


a-Hydroxy carboxylic acids lactate, glycolate 


Certain dibydrosy compounds bipbenol 


^Hydroxy carbonyl com* 
pounds 


tf'diketones 

oehydroxyaldehydes 

oebydroxyphenonea 





HO— 


( R 

o-i 

/ % 

CH 

i 


Hydroxyl amines 


ethanolamincs 

o-aminopbenol 


C..n/ < 
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TABLE 7-4 {Coniinued) 


('helatin^ Group 




ExBniples 


Typical CbelaUa 


Dihydruiyl rarh|iu»md« 


j 1.2<£lycoli 
piDACOl 
gjycerul 


d ilydroiy oiimea 




Organic clitulfidea 


ditbioeibera 


Glyoximes 


dimcthylglyoxime 



containing metal ions. Some of the more common and important of 

these structures are summarized in Table 7-4. 

A few examples may be considered to show the .mportance of he 

phenomenon. Thus, ethylamine, C.HiNH,, forms 
cobalt(III) and chromium(III) which are much ^ ‘“7™ 
other reagents or toward heat than those formed by ethylenedia- 
mine nfMCHiCHiNH., a molec^which yields five-membered 

chelate rings. Neither phenol. nor beiualdehyde, 

CHO, gives particularly .stable coordination compounds, but 

combination of the two structures into salicylaldehyde, ^^-CHO, 

^OH 

gives a material which forms many stable chelated complexes. These 
complexes may be formulated as 
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Correspondingly, although complexes dciived from acetone, 

O 

II 

CH^C—CHj 


are unimportant, those derived from acetylacetoue, 



II II 

CH^C—CH,—C—CH, 


are often so stable thermally that they can be volatilized at elevated 
temperatures without decomposition. In these and in similar com¬ 
plexes derived from other ^-diketones, chelation probably involves an 
enol structure'® and may be formulated as 

R 

\ 

/ \ 

CH M+Vx R = CH,, CzHs, CeHs, etc. 

^C— 

/ 

R 


In like manner, acetates such as the copper{II) compound are salt¬ 
like in character, whereas the corresponding amino acetates, such as 



are covalent in character. 

Vol. II, p. 10. McGraw-Hill Book Co., 

«cw lork (1046)» 
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Compounds containing chelating groups such as ethylenediamine, 
oxalate, and carbonate will be considered more extensively later. It 
should be pointed out, however, that although most dinegative anions 
(e.g,, 0 : 04 ”^ COs“*) coordinate with metal ions by chelation, some, 
notably the sulfate, occupy single positions in the coordination sphere. 
Tridentate, tetradentate, and other polydentate groups are much less 
common than the bidentate groups.'* The majority of those which 
have been studied are polyamines such as diethylenetriamine, 
11 iNCHjCHjXHCH 2 CH 2 NH!, or triethylenetetramine, 

HiNCHiCHiNHCHiCHiNHCHiCHjNHj. 


THE NOIMENCLATtRE OF COORDINATION COMPOUNDS 


A comprehensive system of nomenclature was devised by Werner.'* 
Although some modifications of this general system have been found 
necessary and other modifications have been proposed, all modern, 
systems still contain sufficient of the Werner approach to make its 
consideration profitable. 

According to the Werner system, cation and anion are named in 
order as with simple compounds. In naming an ion containing coor¬ 
dinating groups, these gro\ips are mentioned before the metal which is 
present, and in the following order: 

1. Negative groups, the suffix ~o being added to the stem name of the 
group. E.g., Ci-(chloro), NOr(nitro), C:Or®(oxalato), 
bonato), CN-(cyano), SCN-(thiocyanato), Oi ^(peroxo), 0 (oxo), 
OH“(hydroxo), etc. 

2. Water, the name aqno being employed. 

3. Derivatives of ammonia, the amine names being emp oyc 
directly. 

4. Ammonia, the name ammine being employed. 


In each case, the numbers of coordinating groups 
indicated by the prefixes di-, In-, Utra-, etc. Ihe metal is then 
named as the stem plus an appropriate suffix. If the metal appears m 
the cation the suffixes -a, -o, -i. and -c are employed to indicate 
that the metal is in +1, +2, +3, and +4 oxidation states, respec- 
tively. On the other hand, if the metal appears in the 
single letter suffixes plus the ending -ate are added to the meta s 

.. A. Werner 1 Neaen An,chaaua,en auf dem GMete der anor,Je^>r^m Chemie. 
Vierte Auflnge, pp. 92-95. T. Viewig u. Sohn, Braunschweig (1920). 
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If the coordination compound is a non-electrolyte, the coordinated 
groups are named as indicated above, but the name of the metal is 
used as such without suffix. In 'polynuclear complexes (p. 272), that 
is, those containing more than a single ion of the metal, the name of 
the bridging coordinated group is prefixed by n. 

Although the value of this system in systematizing the chemistry 
of the coordination compounds cannot be minimized, it was often 
cumbersome and non-specific in its original form. In order to over¬ 
come certain of these difficulties, the Nomenclature Committee of 
the International Union of Chemistry (I.U.C.) suggested*’ what 
might be called a modified Werner system. The fundamental postu¬ 
lates offered may be summarized**- ** as follows: 

1. The cation is named first, followed by the anion. 

2. The names of all negative groups end in —o, whereas those of 
neutral groups have no characteristic ending. By way of exception 
and in deference to established practice, water is called ague. 

3. Coordinated groups are listed in order: negative groups, neutral 
groups. 

4. The oxidation state of the central metallic element is designated 

by a Roman numeral placed in parentheses. With complex cations or 

neutral molecules, this numeral is placed immediately after the name 

of the element to which it relates, no alteration in the name of the metal 

being made. With complex anions, the Roman numeral is placed 

immediately after the name of the complex, which invariably ends in 
—ate. 

5 The names of coordinated groups are not ordinarily separated 
by hyphens or parentheses. 


It is apparent that these recommendation differ basically from those 
0 Werner only in the mode of designating the oxidation state of the 
central element. Use of Roman numeral designation is admittedly 
more specific and less confusing than the original letter designation 
and has been rather uniformly adopted. Comparisons of the two 
systems are given by the examples tabulated in Table 7-5. 

u •‘Citations. Fer- 

neuus et al. have suggested a number of extensions which should 


"to -Ens. New,. 96, 161 (1948). 

New,, S6, 52o7i 9«). ^ ^'“sen, L. E. Marchi, and C. L. Rollinson; Chem. Eng. 
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lCo(en)j(Cl)(NOi)l‘*‘ chloronitrodiethylenediamine- chloronitrodiethylenediamine- chloronitrobis(ethylenedi- 

cobalti ion cobalt(III) ion ainine)cobalt(III} ion 

[Pt(NHi)sCli] dichlorodiammincplatinum dichlorodiammincplatinum dichlorodiammineplatinum(II) 
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increase the utility of the 1. U. C. system. Among these extensions 
are the following: 

1. The names of coordinated positive groups end in -ium. 

2. Positive groups are listed last, after negative and neutral groups. 

3. Groups of the same general nature (i.e., all negative, all neutral, 
all positive) are listed in alphabetical order without regard to any 
prefixes designating the numbers of such groups present. 

4. Zero oxidation state for the central element is designated by the 
Arabic character 0 placed in parentheses. 

5. Coordinated hydrogen salts are named as acids by dropping 
the word hydrogen and replacing the suffix -ate by -ic. 

6. Oxidation state of the central element is designated in the usual 
manner even though the complex is a neutral molecule. 

7. Use of prefixes such as bis-, Iris-, and tetrakis-, followed by the 
name of the coordinated group set off by parentheses is preferred to 
that of the old designations di-, tri-, and telra- to indicate numbers of 
coordinated groups if the names of those groups are complex. 


These are logical suggestions and should he adopted. They are 
used in this book in subsequent discussions. Their usefulness is 
apparent in the examples given in Table 7*5 under the heading *‘modi- 
6ed I. U. C. name.*' 

Even the modified I. U. C. system cannot accommodate all materials 
to advantage. Femelius et al.‘® have suggested a series of additions, 
'Some (especially those pertaining to isomerism) of which have been 
employed for some time in a semi-empirical fashion, although others 
have not yet been accepted widely. Among the more important of 
these extensions are the following: 


1. The designation to indicate bridging groups is retained from 
the Werner system, with the added recommendation that it be 
repeated before the name of each bridging group. Thus the 


(en)jCo 


NH, 

/ \ 


^o/ 


Co(en) 


9 


+ 4 


ion 


would then be called bi8(ethylenediamine)cobalt(III)-M-amido-M-per- 
oxobi8(ethylenediaimne)cobalt(IV) ion. 

^ 2. Designation of the point of attachmeht in an organic molecule 
18 recommended if more than one atom in that molecule can act as a 
donor. Use of the symbols of the donor elements, placed after the 
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name of the coordinating group, is recommended, as exemplified by 


OH 

/ 

CH,—C=N 

\ 

CoCl, 

CH,—C=n" 

\ 


OH 


dich!oro(dimethylglyoxime-N,N')cobaIt(II). 


3. In order to render the name of a material more descriptive of any 
isomerism present, it is suggested that: 


a. The preceding rule be extended to cover cases of structural 
isomerism (p. 250). Thus thiocyanate coordinated through sulfur 
would be thiocyanata-S- and through nitrogen, thiocyanalo-X- . 

b. Geometrical isomers (pp. 253-204) be distinguished alter¬ 
natively by the terms cis- and Irans- or the numbers 1,2- and 1,3- 
for planar arrangements {p. 254) and 1,2- and 1,6- for octahedral 
arrangements (p. 262). 

c. The sign of rotation in optical isomers (p. 265) be designated 
by d~ or I- (and me.'Jo), separated from the name by a hyphen and 
preceding any de.signation of geometrical isomerism. Optically 
active coordinating groups should be so designated within the name 
of the compound. Thus, c/-cis-[C’o(f-pn)iCli]Cl would be termed 
d-as-dichlorobis(/-propylenediamine)cobalt(III) chloride. Absolute 
configurations are to be denoted by the capitals d and l. 


4. Coordination of doubled groups or situations in which two 
coordination centers arc linked directly arc designated by the prefix 
bi- placed before the name of the material inolved. Thus, IHOj 
would be called bioquo, and a metal-metal linkage would be called 

bi-platinum, bi-palUidium, etc., as the case might be. 

5 The suffix -yl to designate oxy-ions is considered unnecessary 
because in such ions the oxygens are themselves coordinated to the 
metal ion. Thus, dioxovranium{Vl) is preferred to uranyl as a name 


6. Abbreviations (c.g., en for ethylcnediamine) should always 

accompanied by a statement as to their exact meaning. 

It ^vill be recognized that the proposals pertaining to isomerism 
are in keeping with organic practice. Use of some of these, par icu 
Lrly as applied to cases of geometrical isomerism, will become appar¬ 
ent in the next section. 


Ch. 7 


Polymerization Isomerism 


247 


ISOMERISM AMONG COORDINATION COMPOUNDS 

Isomerism is commonly considered to be characteristic only of 
organic compounds. However, isomerism is a phenomenon of posi¬ 
tion or arrangement and, as such, cannot be limited to the compounds 
of any one element or to any one class of compounds. Although many 
examples of isomerism are noted among various inorganic substances, 
the coordination compounds offer such a variety of examples and 
types of isomerism as to be placed in a class apart from all other sub¬ 
stances, organic or inorganic. The variety of linkage types and the 
increased number of possible geometrical arrangements combine to 
produce more types of isomerism than are known among the com¬ 
pounds of carbon. 

The classification of types of isomerism given by Werner*® is still 
generally acceptable and is followed in this discussion. For more 
detailed accounts, the many excellent summaries which have appeared 
should be consulted.*- 


Polymerization isomerism 

Compounds are said to be polymerization isomers when, although 
they have the same stoichiometric composition, their actual molecular 
compositions are multiples of the simplest stoichiometric arrangement. 
The name used is a misnomer in that no actual polymerization of 
simple materials to more complex ones occurs. The differences among 
polymerization isomers are differences in arrangement, not in numbers 
of repeating groups. 

Werner distinguished coordination polymers and nuclear polymers 
among the coordination compounds. Coordination polymerization 
may be illustrated by the series of compounds based upon trinitro- 
tnamminecobalt(III) and dichlorodiammineplatinumfll) as summa- 
nzed in Table 7*6. Other similar series are based, respectively 
compounds [Cr(NH,).(SCN),l, lPt(NH,),(CN),], [Pt(NH,)r- 
) 2 l. [Pt(NH3)2Cl4], and [PtpyjCli] (py = pyridine). Nuclear 

4em QebieU der anorganuchm Chemit. 
Vier^ AufU^e. pp. 327-386. T. Viewig u. Soho, Braunschweig (1920). 

VerlM System-Nummer 68B, pp. 5-8. 

venag Chemie G.m.b.h., Berlin (1930). 

Leipzig u”wen PP- 1200-1377. F. Dcuticke, 

Ch' ni ^ Tezihook of Inorganic Clumislry. Vol. X, 

Ch III ArchiUetur, (R, E. Burk and 0. Grummitt Eda ) 

.. i n Publishera, Now York (1948). JKls.), 

j. U Badar, Jr.: Ckem. Revi., 19, 67 (1936). 
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TABLE 7 6 

Ttpical Examples of Coordination Polymerization 
Xiimber of 
Stoichiometric 


Groups 

1 

2 

3 

4 

5 


Cobalt Series 
[Co(NH,),(NO,),] 
[Co(NH,).l(Co(N’0:).] 
[Co(XH,)4(NO,),l[Co(NH,),(NO,)4l 
[Co(XH,)»XO,1|Co(X}I,),(NO,)4], 

[Co(Nlh).IlCo(XH|),(XO:)4), 

[Co(Xn,),(XO,),),[Co(XO,).l 

[Co(XH,)4XO,),(Co(XO,)4), 


Platinum Series 
(Pt(XH,),Cl,) 

[Pt(NH,)4l[PtCl,I 

lPt(XH,)4)[Pt(NH,)Clj]t 

[Pt(XH,),Cl]aPtCl4) 


polymerization isomerism is less common and is perhaps b(?st illus¬ 
trated by the followiiiR examples: 

HO 


OH 

/ \ 

(IHN).Co-OH-*Co(NH.d;, 

\ ^ 

OH 

OH 

/ 

(H,N)4Co Co(NIO;. 

\ 

OH 


X .2 and 


Co ( Co(NH3)< 

\ 

HO 


3J 


X, 


Br4-2IU0and[Co(NH3)4(0H)(H:0)]Br: 


As is to be expected from the dilTerences in aiTangemcnt within these 
polymerization isomers, sizable dilTerences in physical and chemica 
properties exist among them. 


Coordination isi}merism 

This typo of isomerism results in compounds containing both 
coordinated cations and anions when differences in the distri ution 
of the coordinating groups occur. If two different meta ions are 
involved, the donor groups may attach to give isomers of t e yp 
[MAd[M'B,] or IM'AdlMB,) or any intermediate between 
extremes. Typical examples of this type of isomerism are 


lCo(en),)[Cr(CN)*) and 

[Co{en)ipnl[Cr(CN)(] and 

[Co(NH,) 6 ](Cr{Ci 04 ) 3 l and 

(Cu(NH 3 )«][PtCl«] and 


{Cr(en) 3 j(Co(CN)fl) 

[Cr(en) 2 pn][Co(CN) 6 ] 

[Cr(NH 3 ) 6 l[Co(C, 0 *)jI 

[Pt(NH,)4](CuCl4) 


and the series [Co(en)3][Cr(C204)3L (Co(en)2C204l(Cr(en){C,04).l 
[Cr(en),C204)(Co(en)(C204)2l, and [Cr(en)3l(Co(C,04)ji. 
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On the other hand, if the same metal appears in both cation and 
anion either in the same oxidation state or in different oxidation states, 
coordination isomers will exist if donors are distributed between cation 
and anion. Examples in which there is no difference in oxidation 
state are 


(Cr(NH3)«][Cr(SCN)e] and (Cr(NH3),(SC'N)j][Cr(NH,)r- 

(SCN)d 

[Pt(NH3)4][PtCM and (Pt(NH3)3Cll(Pt(NH,)Cl,] 

[Cr(en)s)[Cr(C 204 ),] and [CT{en) 2 C^O,]{Crien){C^Oi)i] 

[Cr(en),(H20),](Cr(C2003l-2H20 and [Cr(en)jC 304 )lCr(Hj 0 )y- 

(C304),]-2H,0 

Examples in which differences in oxidation state exist are 


II IV 

IPt(NH,) 4 ](PtCU] and 

II IV 

IPt(py)4](PtCle] and 


IV II 

[Pt(NH,)4Cl3][PtCl4] 

IV II 

{Pt(py)4Cld(PtCl4] 


Coordination isomers show the same essential differences in properties 
as polymerization isomers, and for the same reason. 


Hydrate isomerism 


M is shown in a later chapter (pp. 497-500), water may appear in 
stoichiometric quantities in compounds in a variety of ways. Thus 
combined water may coordinate to metal ions in much the same 
fashion as ammonia, or it may appear in lattice positions without 
being closely associated with a given metal ion. These differences 
produce hydrate isomerism, a phenomenon which is probably best 
illustrated by the hydrated chromium(III) chlorides, CrCl>*6H,0. 
Three such chlorides have been prepared: [Cr(H,0)dCU, a violet- 
colored compound giving three ionic chlorines; [Cr(HjO)6Cl]Cl,-HjO, 
a green compound giving two ionic chlorines; and [Cr(HiO) 4 Cls]Cl' 

2HiO, a green compound giving only one ionic chlorine. Other 
examples of hydrate isomerism are 


[Co{NH,)4(H,0)C1ICU 

[Co(NH,),(H,0),Cl]Br, 

[CoCNH,)4(H,0)Cl]Br, 

[Cr(py),(H,0)jCl,ICl 


and 

and 

and 

and 


[Co(NH,)4C!,]C1H,0 

[Co(NH,),(H,0)(Cl)Br]BrH,0 

[Co(NH,)4Br,]ClH,0 

[Cr(py),(H,0)Cl,]-H,0 


in differences in physical and chemical properties as well as 

in color are noted among these compounds. 
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Ionization isomerism 

C ompounds which have the same stoichiometric composition but 
yield different ions in solution are called ionization isomers. This 
type of isomerism is illustrated classically by red-violet [Co(NHj)s- 
B^]SO^ and red [('o(XH3)iS()4]Hr, which yield sulfate and bromide, 
respectively, as anions. Other examples of ionization isomerism are 

[Co(NH 3 )sN 03 lS 04 and (Co(NH 3 ) 6 S 04 lNOa 

[Co{NII,),Br]Ci 04 and [Co(.\H 3 ),C: 04 ]Br 

{Coi'SUz),{C\){N(h)]C\ and [CoCNHJ) 4 CUI^'OJ 

[Co{en) 2 (('l)(XO,)]XOj and [Co(en)j(XOz) 2 lCl 

lPt(XIl 3 ) 4 Cl:]Br 2 and [Pt(Xn 3 ) 4 BrdCIa 

and the series [Co(en) 2 {Cl)(X 02 ))SCX, [Co(en) 2 (SCN)(N 02 )lCI, and 
[ro(en)i(SC’X)(C])JX02. The occurrence of materials in which 
dinegative anions occupy single coordination positions is noteworthy 
among isomers of this type. 

Sfructiirof or salt isomerism 

I.somerism of this type occur.s when more than a single atom in a 
coordinated group may function as a donor. A number of groups 
might conceivably cause isomerism of this type. Thus, the thio¬ 
cyanate radical with the structure : S : C : N" might coordinate 

» • • • 

through either the sulfur or the nitrogen, although only those com¬ 
pounds in which attachment is through the nitrogen have been char- 

: 0 : 

« « • • • • 

acterized. Similarly, the thiosulfate ion, ; S : S : O : *, might 


attach through either sulfur or oxygen, although again only one typo 
of compound, that with sulfur as donor, has been reported. Bot^h 
carbon monoxide, : C:::0 :, and the cyanide radical, : C::;N : , 
are other typical cases. Although these act as bridging groups, 
attachment to a single metal is apparently through carbon in each 

(*ase. 

• • • • »* 

The situation with the NOr ion, : 0 : N: :0-, is somewhat more 

• * • • 

complex. Jorgensen^ prepared two pentamminecobalt(III) chlor- 
«S. M. Jorgensen: Z. nnorg. Chem., 6, 147 (1893); 19, 109 (1899). 
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ides, each containing a single coordinated NOs" group, one which was 
red and easily decomposed by acids and the other which was yellow- 
brown and stable to acids. The red compound, either in solution or 
in the solid state, underwent slow transformation into the yellow- 

brown one. The two materials were designated as 

\ 

[Co(NH3)6(ONO)]Cl2 and [Co(Nn3)6(NO,)]CU 

Q]irit4)penUmmine * nitropontAmmine 

yellow-browo 

because of the enhanced stability of the Co—N bond and because 
compounds containing six such bonds have yellow to brown colors 
whereas those containing five such bonds and a Co—0 bond tend to 
be red. Werner’^ prepared the similar isomers 

[Co(en)j(ONO):IX and [Co(en),(NO,),]X 

[Co(NH3)a(py)2(ONO)2]X and [Co(NH,) 2 (py)j(N 02 )j|X 

Recent kinetic studies on the conversion of the nitritopentamminc 
to the nitropentammine, based upon changes in absorption spectra,’” 
support the belief that two isomers exist. However, it is also reported’* 
that the two materials yield identical Debye-Scherrer x-ray patterns 
and ultraviolet absorption spectra and nearly identical infra-red 
spectra. On this basis, it is proposed” that there is no isomerism 
and that only the nitro form exists. The red color is ascriljcd to 
unreacted starting material. Obviously, more work will be necessary 
before the problem can be considered solved. 


Coordination position isomerism 

In polynuelear complexes, coordination groups may be present in 
the same numbers but may arrange themselves differently with 
^pect to the different metal ion nuclei present. This gives coordina¬ 
tion position isomerism. The following examples are typical- 

NH, 


III/ 

(H,N)4Co 

\ 


Cl 2 and 


\IV 

CoCl2(NHa)2 

O2 ^ 

utuyinmetricftl 

NH2 

IV/ \in 

(H,N)3(C1)Co Co{C1)(NHj) 

^0, ^ 

"A. Werner: 40, 765 (1907), 

«p72T9 " ™ ' “■ Z- on-p. CHe,n.. 

J. Ucomte and C. Duval: Bull. Mm. (6), 13, 678 (1945). 


a 
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The analogy between isomerism of this type and that existing between 
ethylene dichloride, ClCHiCHiCl, and ethylidene chloride, CHjCHClj, 
is apparent. 


Valence isomerism 

Werner applied this terminology to materials in which the same 
group may be held by different types of valence bonds (sometimes 
primary, sometimes secondary). Typical examples are 


0* 1 


r 0 , 1 


/ \ 


/ \ 


(en)jCo Co(en)j 

X 4 and 

(en) 2 Co Co(en)j 

Xj-HX 

\ / 


\ / 


N 


N 




H 



and the rather similar 


H 

0 

/ \ 

{n,N)sCr Cr(NH,)sJXs and [(H,N) 5 Cr- 0 —Cr(NH,) 5 )X 4 -HX 


Werner also considered the pink and black isomers characterized by 
the empirical formula [Co(NH 3 )s(NO)]X 2 to be examples of this type 
of isomerism, but more modern work, as recently summarized,*® casts 
some doubt upon thi.s a.ssuraption (pp. 599, 004). 


Miscellaneous types of isomerism 

Isomerism within a coordinating group may also occur. For 
example, one may obtain [Co{en)i(isopropylamine)ClI'^* and [Co(en)i- 
(n-propylamine)ClI'*‘* as isomeric cations. Among other cases of 
apparent but unexplained isomerism may be cited the follo\ving. 
two forms of potassium hexacyanoferrate(III) which differ chemica y 
from each other; two similar forms of barium tetracyanoplatinate(II), 
red and green forms of IPtCNHOdlPtCI*]; and perhaps the pink and 

black forms of [Co(NHi) 6 (XO))Xi. 

C’ertain other cases of isomerism which appear feasible as tar as 

formulation is concerned are ruled out by the relative oxidizing an 

reducing powers of the materials in question.^ Among them are 

\Co(y^l\^),CmBr■z and (Co(NH 3 ).BrO,]C 113 r: IPt(NII,) 3 (S 03 )d and 

11 IVII mill 

lPt(NH,)i(S 20 e)]; and CelFelCN)#! and Ce[Fe(CN) 6 ]. 

«T. Moeller: J. Chem. Educalion, M, 542 (1946). 
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Geometrical or stereoisomerism 




Stereoisomerism is by all odds the most interesting and important of 
the types of isomerism noted among the coordination compounds. 
It will be recalled (p. 230) that the existence of stereoisomerism was a 
fundamental postulate of Werner’s theory. The preparation of 
predicted isomers and the evaluation of their properties may he 
regarded as among the most convincing arguments in favor of accep¬ 
tance of Werner’s views. Stereoisomerism among inorganic compounds 
is somewhat more involved than among organic materials because of 
the greater variety of spatial arrangements which can exist. Among 
organic compounds, the simple tetrahedron or the tetrahedron as it is 
distorted through multiple bonding is more simply treated. 

Stereoisomerism may be considered most conveniently as it is 
related to the coordination number of the central metal ion or atom.*' 
The variety of possible geometrical arrangements increases as the 
coordination number increases. .Mthough arrangements for coordina¬ 
tion numbers up through six have been well established, questions 
as to the true pictures with higher coordination numbers have not 
been answered completely. The stereochemical characteristics of 
the various coordination numbers are now considered. 


Coordination Number 2. In compounds where this coordination 
number is exhibited, existence of stereoisomers is precluded by the 
impossibility of more than a single arrangement in space of the groups 
involved. Whether the groups lie in a straight line or are in an angu¬ 
lar arrangement is of no consequence, since for a given material the 

^ [Ag(NTl3)d+ and 

lAgtCINIjjJ- have no stereoisomers. 

Coordmt^um Number S. Stereoisomers have not been obtained for 
matenals in wWch th's rather uncommon coordination number is 
nibited. .^though various geometrical arrangements are known 
It appears that the arrangement in a given material is always the 
same, whether it is planar, trigonal-pyramidal, etc 

tetrlhpH^ chemistry, the 

mSs “"“dered as oharacteriring 

biUtT^f nf coordination number. However, the poasi- 

bihty of pUnar arrangements cannot be neglected. Decision m to 

UMn thT^^T^V" material must be basL 

upon the results of structural studies involving x-ray techniques or 

—r t 

are ^u amo^cp^“Vo"^^^^^^^^^^^^ 

ega dless of whether the arrangement were tetrahedral or planar 
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materials of the types [Ma.l, (Ma^b), or (Mabj) (a and b are different 
groups, each occupying but a single position) should iiave no stereoiso¬ 
mers, for every conceivable spatial arrangement for each of these sub¬ 
stances is exactly equivalent. On the other hand, for materials of the 
type {Maibaj, although no isomerism is predicted for a tetrahedral 
arrangement, cis and trans isomers are predicted for a planar one. 
This is apparent from the graphic formulations 


b a 

\ / 

M 

/ \ 

b a 

Cti 


b a 

\ / 

M 

/ \ 

a b 

irnn9 


all materials lying in the same plane, (’orrespondingly, a difference 
exists between the predicted numbers of isomers for materials of the 
type [Mabcd], the tetrahedral arrangement giving mirror-image 
enantiomorphs 


a 

I 

/l\ 

deb 


a 

I 

j\I 

/1\ 

bed 


and the planar arrangement three isomers 



a 



\ / 

M 


/ \ 
c 


d 


The utility of determining spatial arrangement through preparation 
of isomers is best illustrated with dipositive platinum. Treatment of 
potassium tetrachloroplatinate(II) with aqueous ammonia yields the 
so-called beta form of dichlorodiammineplatinum(II), (PtfNHdjCIj]. 
Treating tetrammineplatinum(ll) chloride with hydrochloric acid 
gives another form (alpha) of the same compound, a form possessing 
different properties. It follows, therefore, that the configuration of 
platinum(ir) is planar. This is confirmed by the existence of other 
compounds of the type [Pta 2 b 2 ], e.g., [Pt(NHj)jpyiICl 2 , Ki[PtC.lr 
(NH 2 S 03 ) 2 ), in two isomeric forms. Further experimental proof o 
the correctness of the planar configuration is given by the 
of three isomers each of the ion [PtCNH 3 )(py)(NH 20 H)(N 02 )]+ 

I. I. Tscherniaev: Ann. insl. plaline, 6, 65 (1928). 
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and the compounds (Pt(CjH4)(NH3)(Cl)(Br]« and [Pt(NH 3 )(py)- 
(Cl)(Br)].®* In addition, Mills and Quibell** succeeded in resolving 
into optical isomers an isobutylenediaminestilbenediamineplatinum(n) 
complex. As shown below, if the arrangement of the coordinating 
groups is coplanar with the platinum, no plane of symmetry is present, 
and the existence of optical isomers would be expected. On the other 
hand, if the arrangement is tetrahedral, there is a plane of symmetry. 
This gives convincing proof for the planar arrangement. 



copUtiAr 



ittnhedrel 


of materials 

IPtfNH fpi / • reached by experimental means. If 

fnv^ outlmed. \Verner“ prepared the materials |Pt(NH,),- 

K 7 'vith pyridine and he 

noted what substances were eliminated when these were heated On 

'--to 

nvriA’ ’ 0 nation of two moles of ammonia or two moles of 
ne would indicate a trans structure in [Pt(NH 3 ),(py)JCU and 

(1947).^' ^orashlnna: Compi. rend. acad. m. V. R. S. S., SB, 33 

S. fi.°M^37"ilf48^ ““<> L- N- E-™: Aiad. Nauk. 

■Tw;™ Ser., 1936 839 

. Wemer. Z. anorg. Chem., 3 *267 (1893), 
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presumably a trans structure in the original compound, whereas 
elimination of only one mole of pyridine or ammonia would indicate a 
cis structure. The alpha compound was thus shown to be trans. 
Furthermore, reactions involving oxalic acid are different, the beta 
isomer leading to a complex of composition [Pt(NHj)s(C 20 dJ, which, 
because bidentate groups must always occupy cis positions, indicates a 
cis arrangement in the original beta compound. The so-called trans¬ 
effect of Tschcrniaev (C'hernaev)*® may also be used. It is observed 
experimentally that a negative group coordinated to a metal ion loosens 
the bond of any group irans to it. Thus, if (Pt(NH 3 )<]CIj is heated, 
loss of ammonia gives (Pt{NHj) 3 Cl]Cl, and the weakened bond holding 
an ammonia trans to the coordinated chlorine causes elimination of 
that ammonia on further heating to give irans-(Pt(NHj)jCl 2 ] (i.e., 
alpha). When (PtCbJ'* ion is treated with ammonia, one ammonia 
enters the coordination sphere. The remaining irans chlorines 
mutually weaken their bonds to the platinum so that the second 
ammonia must enter cis to the first, giving the beta isomer. In 
general, cis isomers of this type will have dipole moments (p. 186) 
because of lack of symmetry, whereas Irans isomers will not. 

The stereochemistry of coordination number four can be approached 
also through the concept of hybridization of orbitals. As has been 
discussed in the preceding chapter {pp. 202-203), four tetrahedral 
bonds arise from sp* hybridization, whereas four coplanar (square 
configuration) bonds arise from dsp^ hybridization. Diagrammati- 
cally, this may be illustrated as 


{n-l)d 

M o o o o o 

ns 

y 

b 

1 

1 

1_ 

1 

O O O 1 Tetrahedral 

1 

J 

i O i 

t ^ ^4 

o 

o 

o 

o 

X 

o 

dtp* 

^ Ptanw (square) 

_j 




the orbitals being designated by circles and those mvolved ^ 

being enclosed by dotted lines. This concept has l^n applied wi h 

particular success to the complexes of nickel(II). 

mind the fact that in the dipositive nickel ion there electroi^ 

one might formuUte a four-coordinate complex such as [Ni(CWj4i 

either of two ways: 

I. I. TacherniRev: Ann. in$t. plaHm. 4 , 243 (1926). 
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[Nix,r o o o o o I© © © ©I 


Tetrahedral 


£Nix.r o o o ©lo © © ©lo 


Planar 


_J 


The number of electrons within each orbital is indicated by dots or 
crosses. In the tetrahedral arrangement, the 3rf orbitals are unaffected 
and contain two unpaired electrons. Tetrahedral nickel complexes 
would be expected, therefore, to exhibit the same paramagnetism as 
the simple nickel(II) ion. With the planar arrangement, diamag¬ 
netism would be expected. That the ion [Ni(CN)*l-» is actually 
oia^gnetic shows clearly that it possesses a planar structure 
Since dsp^ bonds are stronger than bonds,^ the planar arrange¬ 
ment would be the preferred one for nickel(II). Similar situations 
would exist for complexes of platinum(II) and palladium(II). It is 
rue, ^lowever, that there are certain paramagnetic nickelCII) com- 
plexes e.g., [NiCNH^.lSO^, [Ni(N,H 4 ) 2 ]S 03 , [Ni(N,H 4 ),](NO,)j, the 
m^netic moments of which suggest sp' bonding. 

dipositive copper is of interest since this ion con- 
tmns one more electron than nickelCII). Although the electronic 
configuration of copper(n), as usually given, 

O." OOOO O Slo o o 


ele^y sinnUr 

This Tthe 

curyCII) etc Fnr ( ^ »um(II), zmc(II), cadmium(n), mer- 

a review by Mellor>Ms complexes, 

E r ™ Soc; 1935 731 

•• «• p: Me«„r:Vw Z: M.’^37 OMar" 
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Coordination Number 5. The existence of compounds in which this 
coordination number is exhibited has not been established with abso¬ 
lute certainty. In the few cases where coordination compounds of 
this apparent stoichiometry have been investigated structurally, no 
evidence for its presence has been obtained. Thus x-ray studies have 
shown" that, in the compound (NH4)jZnCU, [ZnCU]"® and Cl“ ions 
are present. Similarly, crystals of RbjCoCU and CsjCoCU contain 
the ions [CoCl*]"* and Cl“.** The lattices of (NH 4 ) 2 lnCU-HiO and 
(NH 4 ) 2 FeCU HjO have been shown by similar studies to contain the 
octahedral species (InCU(HsO)]“* " and [FeCU(H20)]“*, " respectively. 
Such simple molecules as Fe(CO)6, TaXs, NbXs, MoCIj, etc., which 
contain five groups attached to a central element, possess trigonal 
bipyramid arrangements in the solid state. 

Coordination Number 6. This is the commonest, and therefore 
most widely studied, of the coordination numbers. Since several 
geometrical arrangements are possible, decision as to what arrange¬ 
ments are to be expected is necessary. Six coordinated groups may 
be arranged about a central atom or ion (M) in a plane, at the apices 
of a circumscribed trigonal prism, or at the apices of a circumscribed 
regular octahedron. These arrangements, together with numbers 
designating substitution positions, may be indicated as follows: 



I 



thgon«l pmm ocuhfdron 


In each of these arrangements, all positions are equivalent. There¬ 
fore, but a single isomer is predicted by each for materiaU of the types 
(Ma«], (Masb], and (Mabs). However, significant differences do exis 

for materials of the types (Ma 4 bi] and lMaab4]. Both t ® P 

the trigonal prism predict three isomers, namely, with (1,2), K ,J> 

and (1,4) arrangements, whereas the octahedron predicts only , 


*» H. P. Klug and L. Alexander; J. Am. Ckem. Soc., 66 . 1056 (1944). 

*> H. M. Powell and A. F. Welle; J. Chem. „ 30^4 M 948 ). 

« H. P. Klug. E. Kummer, and L. Alexander; Am. Chem. Soc., 70,3 

«I. Lindqvist: Arkio Kemi Mineral. Oeol., 24A, 1 (1947). 
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namely, (1,2) and (1,6).* Experimentally, no more than two isomers 
have ever been isolated for compounds of this type regardless of the 
metal present. Werner concluded, therefore, that the arrangement 
about the metal in 6-coordinate complexes is always octahedral, a 
conclusion which has been supported by the experimentally determined 
crystal structures of numerous compounds, the existence of optical 
isomers predictable on the basis of this arrangement, (pp. 264-267), 

and theoretical evaluation of the directional characteristics of the 
covalent bond. 

As previously pointed out (pp. 201-204), hybridization^ of d. s, and p 
orbitals gives stronger covalent bonds than those involving s and p 
orbitals alone. When this hybridization is of the dhp^ type, six coval¬ 
ent bonds directed to the apices of a regular octahedron result. Since 
this hybridization is more probable for the majority of materials than 
the d*ap or d‘p types essential to a trigonal prism arrangement (p. 203), 
the octahedral arrangement is the important one. Because of the 
availability of d orbitals among transition metal ions, d^sp^ hybridiza¬ 
tion is common to many of them. The preponderance of 6-coordinate 
complexes derived from such ions is thus obvious. 

Some examples may be cited to show the application of this con¬ 
cept. Thus, iron(II) and iron(III) ions have the outer electronic 
arrangements 


3d 


O O O O O 

fo" o o o o o 


A$ 

o 

o 


o o o 
o o o 


In the formation of cyano complexes involving these ions, rearrange- 

Ictron, f ^ of f'^olve 

identical, ao that 0,4)!(^5) (2 3, « 4 ) M sf 

as (1,2), and (2 4) and V*! i’r “’‘'’“•‘KeinenU nre the same 

^ubsUtuent ii conthe 
it as simply as possible. occupy the 1 position, and others are referred to 
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3d 


O O O!® (D 


n 

CPe{CNu]’^ 

in . ] 

[FetCN),]-* O O O © © 


4^ 


o 

o 


4p 


© © © 
© © © 


Octahedral coordination orbitals 


The presence of the unpaired electron renders the hexacyanoferrate- 
(III) ion paramagnetic, in agreement with experimental observation. 

Extension of the concept to cobalt(II) and cobalt(III) gives for the 
simple ions 


3d 


Co*’ o o o o o 

Co*' o o o o o 


As 

o 

o 


o o o 
o o o 


and for complexes such as the hexacyano or hexammine derivatives 


3d 


o o o 


II , 

[ColCNiJ 

C^icN),]'’ O O O 


o o 

CD O 


45 

o 

o 


4p 


4d 


O O G)|0 

I 

o o ©I 

I 


» 

Octahedral coordination orbitals | 


In hexacoordinatcd cobalt(II) materials, promotion of the ex 
electron to a 4 d orbital is necessary to permit bonding. uc a 

electron would be loosely held.^ Its ready removal is , 

ease vnth which cobalt(IIj complexes can be oxidized and y 

stabilities of the cobalt(in) compounds. _or 5 «»H 

Comparable situations involving other matenals are sum 

in Table 7-7. For ions derived from non-transition 

orbitals in the valence shell doubtless occurs, an ® ^^^ 3 ^ 

again resulting. Then, however, the d orbitals mu ‘ be^those 

of the same principal quantum number as the s an^d p involving 
than one less. Such cases are much less common than t 
transition metal ions, but they are sometimes encountered g 

Ilb nib, IVb, Vb, VIb, and Vllb Periodic Families. 
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It should be pointed out that the bonding in C-coordinated com¬ 
plexes may be ionic rather than covalent. Magnetic data often 
serve to distinguish between the two types of bonding. Thus, although 
the magnetic moment of the ion lFe(CN)«I-^ indicates the presence 
of but one unpaired electron, that of the ion (FeFel-* indicates the 


TABLE 7.7 

OCTAHKDRAL BONDINO IN 6-CoORDI.VATE MATERIALS 

(n-lld 


[CrlNHji,]*' 

CCr(CN)er* 


[RhCljT® 

CRhlNHjjjr’ 


[PtCl,]‘* 

CPten,]** 

etc. 


CCden J 


[G.(C.O,|jJ 


ooooooooo 


OO OjO OO O o o 


• Octahedral coordination orbitals I 

L-^--- 


ooooooooo 


oooioooooo'l 

•^Octahedral coordination orbitals i 


ooooooooo 


OOOIOOOO©©: 

I Octahedral coordination orbitals i 

ooooooooooo 

o O O O O!©'©"©"©'©'©] 

Octahedral coordination orbitatsj 

ooooooooooo 

ooooo|©©© b""©”©! 

P^tahedral coordination orbitals! 


S7ron(nino^*'%‘Zi 
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(Co(NHj)4 C1*]C1 (p. 229) presents no problem. These may be formu¬ 
lated as cis and isomers as* 



C«- 

or l^•dkchlorDt«^trslnmine 
oob«li (111) cKloride (vioUt) 


mn9~ 

or ),6-dieh)oroUtrQmm(fte 
cob«lt (III) chloride 


Cts-/ra«s isomerism is also found in certain compounds containing 
bidentate (chelate) groups. Because of steric factors, chelate groups 
span cis positions only. Thus the ion [Co(NHj)4COal'*’ exists in but a 
single form, namely, 



On the other hand, when two bidentate groups are present, the other 
two groups may be arranged cis or (rans to each other. Thus, the 
dichlorobis(ethylenediamine)cobalt(III) ion exists in the forms 



(voilct violeo mHoo) 


iro/u* 

(green pr«o tctit 


• Many authora prefer In omit any nncoordinalad Ihe 

oxarnplea disrnsaed above, and also to om.t the symbol sphere 

center of the octnhwlron. In this discussion, ions outside the coo 
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Identity in either the mono- or i)identate groups is not a criterion for 
this type of isomerism. Thus ions such as [Co(en)j(N02)Cl]'*’ and 
(Co(en)(Cj 04 )Cl 2 l“ should, theoretically at least, exist in cis and 
Irani forms. 

When a bidentate group is replaced by two monodentate groups, 
such groups may be assumed to enter cis to each other. Rearrange¬ 
ment to the more symmetrical, and therefore more generally stable, 
trans configuration can then occur. This is exemplified by the follow¬ 
ing scheme of reactions: 

HCl Ut stand 

[Co(NH 3)4CO,]+-» ctV[Co(NH3)4Cl2l+-»fran5-ICo(NH,)4Cl2]+ 

red vinUt or boil gr<^oa 

both cis and trans forms being capable of isolation. Substitution of 
hydrobromic acid for hydrochloric acid gives the green trans dibromo 
compound directly without any apparent formation of the cis. The 
greater size of the bromide ion undoubtedly accounts for its reluctance 
to enter a cis arrangement. 

For a given material, decision as to which form is cis or trans must 
be based originally upon a study of reactions resulting in the conver- 


TABLE 7 8 

Evaluation of Confiqurations in Dichlorotetramminecobalt(III) Salts 
I—|Co(NH,)4CO,1C1 


dil. HCl 


dil. 11,804 


(Co{NH,)4(H,0)C11C1, 

H,S0« + HCl 


cone. HtS04 + HCl 

(Co(NH,).(H,0),),(SO,)»-- (Co(Nn,) 4 Cl,lHS 04 


NH, 

[Co(NH,)4(H,0)(OH)1SO.- 

heat at 100* 

OH 
/ \ 

[(NH,)«Co Co(NH,) 4 l(S 04 )» 

OH 


cone. IICl. -12" 


BftCIi 

(Co(Nii,)4CU)a 
green trans (proaoo) series 


[Co(NH,)4(ntO)»lCli +JCo(NHiKCl,]Cl-- [Co(NHi) 4 (HjO)aia, 

violet CIS (violeo) senes 



cono. HCl, slowly 


cone. HCl 


f ” » b-ng discussed, but the symbol 
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sion of a material of known configuration into the desired substance. 
As illustrative of this general method of approach, consider the prep¬ 
aration of the dichlorotetramminecobalt(III) compounds as sum¬ 
marized in Table 7-8. These reactions are self-explanatory. Similar 
series have been worked out for other materials. Thus it can be 
shown in a similar fashion that the reddish-orange and yellow-orange 
compounds of composition (Creni(NCS) 2 )NCS resulting from treat¬ 
ment of KjlCr{NCS)«] with ethylenediamine are, respectively, the 
cts and trans isomers. 

OPTICAL ISOMERISM. Consideration of models of the dichlorobis- 
(ethylenediamine)cobalt(III) ion shows a plane of symmetry (through 
the ethylenediamine groups) in the Irons form but no plane of sym¬ 
metry in the ci’s form. The cis form would be expected then, by 
analogy to organic compounds, to exist as two optical isomers (enantio- 
morphs). The d and I forms are not superimposable and bear a 
mirror-image relationship to each other as 



Obviously, the assymetry of the cis form of this ion is induced by 
the bidentate ethylenediamine group. Optical isomerism would be 
expected in all materials of the type [M(AA)jaj]=*^", where AA repre¬ 
sents a bidentate group, but obviously it could not characterize 
materials of the type [Ma 4 b 2 l±". Three bidentate groups also cause 
assymetry and lead to optical isomerism. This is apparent, for exam¬ 
ple, in the tris(ethylencdiamine)platinum(IV) ion, the d and I forms o 
which may be repre.sented as 
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Werner’s theory predicted optical isomerism among the C-coordinate 
materials, but experimental proof of its existence was difficult to obtain. 
In 1911, Werner^^ succeeded in resolving the cis forms of the (Cocni- 
(NH3)X]+* ions (X = Cl, Br) into dextro- and faei/o-rotatory forms 
(specific rotation =^±43* for the bromide salt) by crystallization of 
the d-bromocamphorsulfonates. Although this seemed to be con¬ 
vincing proof of the validity of Werner’s postulations, the belief 
that optical activity centered in carbon atoms was so firmly estab¬ 
lished that many argued that the ethylenediamine molecules them¬ 


selves were responsible (even though they are optically inactive them¬ 
selves). As final proof of his argument that optical activity in these 
compounds lay in the metal ion, Werncr<^ effected the resolution of the 



ion, a purely inorganic material, into forms 


of high rotatory power (molecular rotation = ±47,000®).* The only 
other truly inorganic material to be separated into its d and I forms 
is the [Rh{ (HN)iS02l2(1430)2]“ ion. This was resolved by crystalliz¬ 
ation of the a-phenylethylamine derivatives.*® 

By methods of crystallization involving optically active organic 
cations or anions, many coordination compounds containing organic 
chelating groups have been resolved. Thus Werner resolved the 
ct«-[Co(en)2Cl2]+ (violeo) and cts-[Co(en)2(N02)2j'*- (flavo) ions. Ions 
of the types [M(en)3]+'* [where M = Co(III), Cr(III), Pt(IV), Rh(III), 
R(in), Zn(II), Cd(II)] and [M(C204)j]+''-6 [where M = Co(III)' 
Cr(III), Kh(III), Ir(III), Pt(IV)] may be cited as other examples. As 
illustrative of the general technique involved, reference may be made 
to the use of d-a-bromocamphor-r-sulfonate in the resolution of 
cts-[Co(en)2Cl2]+.*^ Selective adsorption of d or f forms on inert 
optically active materials such as quartz*® and differences in the rate.s 


**A. Wemer: fier., 44, 1887 (1911). 

*‘A. Werner: Ber., 47, 3087 (1914). 

charaoterited ia tarma of .peci/U roMion or 

celfh^H concentration in grams per millUiter, and I is tlie length of the 

*®F. G. Mann; /. Chem. Soc., 1933, 412 

CoIInow Yo1mi 9«)^""‘'“"'' McGraiv-Hill Booh 



266 


Complex Ions and Coordination Compounds Ch* 7 


^vith which certain diastereolsoraers* react wth a few coordinating 
agents** have yielded partial resolutions but have not proved to 
be extremely effective. 

That a material may be resolved is in itself indication that directed 
covalent bonds are present. Lack of racemization in a resolved 
material gives further evidence for stable covalent linkages. It is 
only when coordinated groups are so attached that optical isomerism is 
possible. If the groups are free to move, as they would be if they 
were ionically attached, no such isomerism is possible. These 
differences are well illustrated among the trioxalato complexes of 
several tripositive ions. The ions (CofCjOO*)"* and [Cr(Cj 04 ) 8 l** are 
comparatively easy to resolve, but apparently no resolution is obtained 
with the formally similar [Al(C 504 ) 3 l“* and [Fe(Ca 04 )i] “* ions (p. 
233). The bonding is, therefore, covalent in the first two but ionic 
in the second two. This view is supported by the observation^® that 
the last two undergo rapid exchange with added oxalate ion containing 
radiocarbon (*#0) whereas the first two do not. Obviously the oxalato 
groups are much less firmly held in the aluminum and iron(III) com¬ 
pounds than in the others. 

Optical activity is not limited to mononuclear complexes. In 
1913, for example, Werner®* separated the polynuclear ion 

NHj 

(en^Co Coentr® 

\ / 

NO, 


into three forms by crystallization of the d-bromocamphorsulfonates. 
Two of these forms were optically active (d and 1) forms, which may 
be formulated as 



• Diastereoisomers are optiral isomerg which are not mirror imagcg. 
dextro (n) and laevo (D rotatory forms of the lCo(en),(rf-tart)]* .on are d.asteno- 

isomers ((i-tart being rf-tartrale ion). Soe 70» 

H. B. Jonassen, J. C. BaUar, Jr., and E. H. Huffman: J. Am. Chem. Soc., 7«. 


756 (1948). 

F. A. Long: J. Am. Chem. Soc., M, 1353 (1941). 
•» A. Werner: Ber., 46, 3674 (1913). 
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The other was an optically inactive, internally compensated (meso) 
form, which may be formulated as 



Both d and I forms revert to the meso when their solutions are heated. 

A further analogy to optical activity among organic compounds is 
found in the example of the Walden inversion reported by Bailar and 
Auten.** The essentials of the conversion involved are apparent 
from the following scheme of reactions: 


K,COi 

U[Co{en)-,CU\C \r d.[Co(en)jCO,]jC 03 

HCl 

AgsCOs 

HCl 

i-[Co(en)2C03]jC03 ——♦ d«[Co(en)2Cl2lCl 


Many coordination complexes are characterized by extremely high 
optical rotatory powers. Although this properly is, in a measure, 
due to the special kind of molecular dissymmetry present in these 
materials, it is probably due to a greater extent to the fact that meas¬ 
urements have often been made at wavelengths in the vicinities of 
absorption bands. The rotatory powers of coordination compounds 
are markedly dependent upon the wavelength of the light used. In 
many cases, rotation may even undergo change in sign as the wave¬ 
length is altered to that of an absorption band. This is apparent in 
the rotatory dispersion curves obtained by Jaeger,” some of which are 
reproduced in Figure 7-1. It is apparent that designation of a material 
as dextro or laevo is thus purely formal and should always be accom¬ 
panied by a wavelength indication. 

Coordination Number 7. This coordination number is recognized 
in only a limited number of compounds and need not be considered in 
detail. An octahedron ivith one fluoride beyond the center of one 
face IS said to characterize the [ZrFT]-* ion in its ammonium and potas¬ 
sium salts,” and a trigonal prism with one fluoride beyond the center 


^ Chem. Soc., 66, 774 (1934). 

McGrkw Temperature Measurement, Pt. I. 

MeOraw-Hill Book CJo., New York (1930). 

” G. C. Hampeon and L. Pauling: J. Am, Chem. Soc., 60, 2702 (1938). 
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of one face is characteristic of the [NbF,]-* and (TaFTl"® ions.” As 
with coordination number hve, some compounds of appropriate 
stoichiometry appear to be mixtures. Thus the crystal lattice of the 
compound (NH4)3SiF7 contains [SiFe]-^ and F" ions.” No data on 
isomerism are available. 



Fio. 7-1. Typical rotatory dlsiwraion curves for some complexes in aqueous solution. 

Coordination Number 8. Although the number of examples of this 
coordination number is limited, materials of the following types ave 
been studied: fluorides such as [OsFg], (TaFsl"*; acetylacetonates o 
tetrapositive metals such as thorium, hafnium, cerium, 8-quinoino 

J. L. Hoard: /. Am. Chem. SoCm 1252 (1939). /^aAo\ 

*•3. L. Hoard and M. B. Williams: y. Am. Ckem. Soc.^ 64, 633 (194 
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chelates of tetrapositive metals; cyano complexes such as (Mo(CN)8]'^ 
and [\Y(CN)8]“*; and oxalato complexes such as {U{C20<)«)“^ A 
variety of structural arrangements depending upon different types of 
bonding have been suggested. Thus, d^fsp^ or d^f*s bonding (unlikely 
because of use of / orbitals) should give a cubic structure; d^p* bond¬ 
ing should give an Archimedes antiprism (found for [TaFs]"’); 
bonding should give a dodecahedron (found for (Mo(CN)8]“*); 
and d^sp^ bonding should give a rectangular face-centered trigonal 
prism (probable for (OsFsl-). 

All these arrangements predict such a variety of isomers that the 
problems of geometrical and optical isomerism have not been solved. 
A promising start, made with the (UfCjOi)*]"* showed the 

number of isomers which were isolated to rule out the cubic and 
trigonal prism arrangements but not to distinguish between the other 
possible configurations for this material. 

The stereochemical characteristics of the various elements in a 
variety of compounds are summarized in Figure 7-2.*^ 

SOME SPECIAL TYPES OF COORDINATION COMPOUNDS 

Discussions in preceding sections do not embrace a number of more 
or less specific types of coordination compounds. Many such materials 
are so specific in character (e.g., carbonyls, nitrosyls, and hydroxo 
complexes) that they are better discussed in appropriate chapters 
in Part II of this book. Others which are of a somewhat more 
general character may be considered here. 


Inner complexes 

Certain organic substances, because of the presence in their struc¬ 
tures of both normal salt-forming groups and neutral donor groups, 
can through chelation satisfy simultaneously both the <»^*fjation num¬ 
bers and the coordination numbers of many metal ions. e p i e 
tones, discussed on p. 241, may be cited as typical of such substances, 
as may also 8-quinoUnol and its derivatives, the vanous dioximes 
salicylaldehyde and its derivatives, lake-forming regents such 
alizarin, etc. Taking 8-quino!inol as representative, the 
chelates formed by a dipositive, 4-coordinate metal ion ^ ^ 

a tripositive, 6-coordinate metal ion (e.g., Fe-*) may be depicted, 

respectively, as 

L. E. Marchi. W. C. Fernelius. and J. P- McReynolda: J. Am. CAem. Soc.. 66. 

^^ML.^R^MarcU and J. P. McReynoIds: J. Am. Ckem. Soc., 66, 333 (1943). 

“L. E. Marchi: J. Am. Chem. Soc., 66, 2257 (1943). 
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Compounds of this type show but little tendency to give ions in 
solution and commonly behave as non-electrolytes. They are referred 
to as inner complexea^*'*^ or complexes of the first order. Because of 
their non-ionic character, many inner complexes can be extracted into 
organic solvents. Inner complex formation is thus useful in effecting 
separations among the metal ions. Furthermore, the intense colors 
characteristic of many inner complexes render these compounds useful 
for qualitative detections of metal ions and quantitative colorimetric 
determinations. 

It should be pointed out that an organic molecule may react with a 
metal ion to form an inner complex structure of the type outlined and 
still possess overall anionic character.*® This is true, for example, 
with the alizarin derivative of iron(III) which may exist os an anion of 
the structure 



Furthermore, if the coordination number is not twice the oxidation 

number, reagents which normally form non-electrolytes will give 

ionic products. Thus titanium{IV) has a coordination number of 

SIX. When this material combines with a A-diketone, there results a 
structure such as 

R 

\ 

c=o 

Vo^ 

/ 

R 

** H. A. Liebhftfsky: Chem, EdwaHon, 28, 341 (1946). 
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in which satisfaction of the coordination number of the metal ion 
leaves one of its primary valences unsatisfied and yields a cation as 
product. Materials of this type are sometimes called complexes of 
the second order. 


Polynuclear complexes 

Several references have been made (pp. 243,266) to polynuclear com¬ 
plexes, that is, complexes containing more than a single center of coor¬ 
dination. Those derived from 6-coordinate metal ions have been 
studied extensively; they commonly contain such bridging groups as 
—OH, —O—, —Oj—, —NH,, —NH—, and —NOj. One, two, 
or three such groups are common to both coordination spheres. 
Less well-known are materials in which halogens act as bridging 
groups. Among well-characterized examples are the ions [TUCU]"* 
and (WjCU)"*, in each of which three chlorines are common to two 
octahedra arranged about the metal ions. 

Among 4-coordinate materials, halogen bridges in polynuclear 
complexes are frequently found.** These may characterize either 
metal halides, substituted metal halides, or halides to which certain 
other groups have coordinated. Thus anhydrous aluminum chloride 
is dimeric in the vapor state and is best represented as 


rci Cl cn 

\ / \ / 

AI Al 

Lci Cl ciJ 


The arrangement about each aluminum is tetrahedral. Similar 
formulations may be given for such halides ss ALBr*, AuiBr«, and 
FejCl#. Discrete molecules may even be lacking for example, m 
palladium(II) chloride, which is made up of long chains of the type 


Cl Cl a a 

y \ / N. / / 

pd Pd Pd Pd 

/ \ / \ / ^ / 

La Cl a a 

Sutetitution of alkyl or aryl groups for part 

tiftlide may give polynnclear complexes. An examp e 

drelhylgZn.) bromide, the structure of which corresponds to 


It F. G. Mann; Ann. Reports, 35, M8 (1938). 
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rCjHfi 

Br CjHfil 

\ 

\ 

\ 

Au 

Au 

/ 

\ / \ 

LcjHs 

Br CjHs- 


Similarly, the addition of coordinated groups sometimes gives poly¬ 
nuclear halides. Thus a series of compounds of general formula 
PtClj A, where A = PR 3 , AsRj, CO, C 2 H 4 , PCU, P(OCH 3 ) 3 , etc., has 
been characterized. These materials have polynuclear structures cor¬ 
responding to the formulation 

TA Cl cn 

\ / \ / 

Pt Pt 

/ \ / N 

Lci Cl A J 

The arrangement around each platinum is planar. Comparable com¬ 
pounds are known for palladium, zinc, cadmium, mercury, copper, etc. 
The molybdenum “dihalides,” [MoeCislCh and [MoeRrslBr*, are also 
characteristic examples. Instead of halogens as bridges, pseudo¬ 
halogens (pp. 463--480), such as cyanide, may be present. 

The poly acids and their salts 

One can distinguish a large group of oxygen-containing acids (and 
derived salts), in which apparent condensation of numbers of simple 
acid molecules has given materials containing more than a single mole 
of acid anhydride. Such acids are called poly acids. If but a single 
type of anhydride is involved, the acid is an isopoly acid, whereas if 
more than a single type of anhydride is present, the acid is a hekropoly 
acid. The polychromic acids, HjO-yCrO, (y > 1 ), may be cited as 
examples of the first class, and the polymolybdophosphoric acids, 
mHjO PiOs yMoOs (y = 12 or 24, most commonly), as examples of 
the second. Acids of these types are most characteristic of molybde¬ 
num and tungsten (and to a lesser extent vanadium) and arc of such 
extreme complexities that only in a limited number of cases have their 
structures been determined. Although they differ markedly in prop¬ 
erties from the other types of coordination compounds discussed in 
preceding sections of this chapter, they are properly considered as 
compounds of this general type and best discussed here. Because of 
unutations of space, no more than a general account of their charac- 
lenstics and probable structures can be given here.®* 

•* A. R. Middleton: J. Chem. Bducatum, 10, 726 (1933). 
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1. The Hetcropoly Acids. Although formally more involved than 
the isopoly acids, the heteropoly acids are probably the better under¬ 
stood of the two types and may, therefore, be considered first. Empir¬ 
ically, they ordinarily contain an atom of an element such as boron, 
silicon, phosphorus, or arsenic in combination with a number of atoms 
of another element (commonly molybdenum or tungsten, although 
a few others may be present) and comparatively large numbers of 
atoms of oxygen and hydrogen. Thus a molybdophosphoric acid 
might be formulated H„P,Mo„0,-^HiO, and similar formulations 
might be given for other combinations. 

Compounds have been prepared in which y/x = 6, 6 < y/x < 12, 
and y/x = 12. Of these, the most common and best-known com¬ 
pounds are those in which y/x = 6 or 12. These are known, respec¬ 
tively, as 6- and 12-acids. The commonness of these ratios and the 
uniform success of Werner's theory in explaining other complex com¬ 
pounds prompted Miolati and Rosenheim®’ to suggest that added 
anhydride molecules are held to the central atom of a parent acid by 
coordinate linkages. For each non-metallic element (X), a parent 


TABLE 7 9 

Heteropolt Acids According to Miolati and Rosenheim 


Central 

Oxidation 


Limiting 

Heteropoly 

Known 

Atom, X* 

State, n 

Parent Acid 

Acidst 

Ckimpounds 

B 

+3 

H.fBO.l 

H,|B(Mo,OT)el 


Si 

+4 

H.lSiO.) 

H,(Si(W,OT).) 

H4SiW„04o 

P 

+5 

H,(PO.) 

H,(P(W,0,).) 

H»PW,,048 

Te 

+6 

H.lTeO.l 

H.lTe(MoO«).j 


I 

-1-7 

HijlO.) 

HdKMoO.).) 

ai liTJ nU 

Mn 12-acids 


• 6-acids known where X = I, Te, Fe, Cr, Al, Co, Ni, Rh, Cu, Mn. 12-acid8 
known where X * B, Si, P, As, Ti, Ge, Sn, Zr, Hf, Th, Ce. 
t An indeterminate amount of water may be present also. 


acid was regarded as resulting from sufficient hydration of the anhy¬ 
dride to give six oxygens coordinated to the central atom, re., » ™ _ 
rial of formula H.,-.1X0.I, n being the oxidation state of X. 
poly acids then result from partial or complete subsWut.on of toe 

oxygens by equivalent simple groups such as MoO. , WO,^ ^ 
or hypothetical doubled groups such as Mo,0, , WjO, ’ 

by cc^rdination of the anhydride ntoleoules MoO. WO., or V^/2 to 

tLe oxygens. In this fashion, limiting senes of 6- and 12-aci 

.. For an exceUent anmn.ary see A. yort'tiJd, 

onorjonwrAm CksmU, Vol. 4, Ft. I, u. pp. 977-10S5. Verlag 

Leipzig (1921). 
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derived as indicated in Table 7-9, a fixed coordination number of six 
being implied for all central atoms. 

Although a number of heteropoly acids (and salts) can be fitted into 
such a concept, there are certain unreconciled difficulties which pre¬ 
clude current acceptance of this theory. Thu.s, high basicities are pre¬ 
dicted, but they are seldom realized in practice. This means that the 
common salts of the hoteropoly acids can be accomodated by the 
Miolati-Rosenheim formulation only if they are considered to be acid 
salts. That all of these compounds are highly hydrated suggests 
strongly that a portion of the hydrogen regarded as acidic is actually 
present as water. Furthermore, groups such as M 02 O 7 -* and WjOj"* 
are entirely hypothetical and have no independent existence. Diffi¬ 
culties are encountered in attempting to accommodate examples other 
than the G- and 12-matcrials. Thus a polynuclear formulation such os 



O 

(M0207)< 


0 

As-Mo207'As 

(M0207)4 




would be required for the compound of stoichiometric composition, 
K 6 H 6 As 2 Moii,Oo 5 . Last, but of extreme importance, is the fact that 
where structural data have been obtained they are not in accord with 
these simple formulations. The Miolati-Rosenheim approach, there¬ 
fore, may be regarded as giving useful first approximations but little 
more. 


an “'tentative, Pfeiffer"* suggested that in adding to the hypo¬ 
thetical H.>-n[XO.I parent, the MoO, or WO, molecules might be 
coordinated around a ^ntral XO. anion in a second shell, giving, for 
instance H„ [XO.(WO,)i,]. This view may be regarded as a fore- 

and Keggin’s concepts of the crystal arrangements 
in the l^heteropoly acids. From x-ray data, pLling" concTuded 

tun^tenfVm®''"''* teo'ybdenumfVI) or 

tungsten(VI) for an octahedron of oxide ions, the 12 -acids are made iin 
of twe ve such MoO. or WO. octahedra linked to each otherbv the 
mutual ^anng of three comem. The three unshared comers then 

CZSt. o^r w!!S 'roH)” “ 

the tetrahedral ion XO "is nlaced ° arrangement 

be shotvn schematS al ’ “ "tengement which may 


lOB, 26 (1918) 

L. PauliDg: J. Am. Chem. Soe., fil, 2868 (1929). 
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= Oxygens in 
MOe octahedra 

= XO4 tetrahedron 


and which predicts a basicity of 8-n for the acid. Thus no acid con¬ 
taining less than eighteen moles of water should be stable, a predic¬ 
tion which is not supported by the existence of anhydrous acids 

H„1XMo,i04o 1 (X = P, Si, Ti). 

Keggin,** on the other hand, proposed the existence of a central 
XQ* tetrahedron surrounded by twelve Mo0« or WOe octahedra, each 
comer of the tetrahedron being shared with three octahedra, each of 
which in turn shares one oxygen atom with each of its neighbors. 
The four resulting M03O13 or W3O13 groups are then linked by sharing 
corners to give ultimately the groups [XMouO^o]* " and [XW11O40] 
Large resulting spaces in the crystals can then accommodate the^numer- 
ous water molecules characteristic of the compounds. Keggin s views 
have been verified by x-ray studies on a number of materials and may 
be regarded as being valid for the crystalline materials. Unfor¬ 
tunately, however, data on the compositions of materials in so ution 
do not agree. Nor is there an adequate explanation for the structures 

of the 6-acids. , . Airao* 

The heteropoly acids and their salts result in general from (hrect 

combination of the components, followed by crystalUzation, precipita 


tion, or extraction as a means of separation. 

2. The Isovoly Adda. The situation with the isopoly acids .8 muc 

more confused than with the heteropoly acids. 

proposed that they be regarded as derived from aquMe 

H„(H,0.1 by substitution of, for instance, MoO. or W . 
nation of MoO, or WO,. This would again lead to 

12-series, but the polymolybdates of the 

spond to these simple formulations. Depending p ^ normal 

solution, a variety of such materials •’®.P"®’’" .velv increasing 

molybdate solution, for example, is ^‘^“i^^inn of a number 

quantities of acid, aggregation occurs with the form 

» J. F. Keggin : Proc. Roy- Soe. (London), 144A, 75 (1934). 
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of increasingly complex polyanions. These phenomena have been 
investigated by Jander and coworkers" in terms of the ionic weights, 
diffusion coefficients, and conductivities of the solutions as functions of 
pH. Their data are consistent with these transformations (pH values 
by the arrows): 


6.5 4.5 2.y-I.5 

MoOr* ^ MoaOn*' ^ HMosOar^ HaMoeOji"’ 


1 


1.25 


1.0 1.0 
MoOa-aq ^ H 7 Moi 407 «“^ ^ II 7 M 017 O 41 


Similar studies have been made on tungstate an<l vanadate systein.s 
and with analogous results. 

Data of this type have been difficult to reconcile with the results of 
direct analysis and have not been supported by structural determina¬ 
tions on solid compounds. Some of the difficulties characteristic of 
those encountered for all these materials may be outlined for the para- 
molybdates. Direct analysis does not permit an unambiguous decision 
between the compositions SMjO-TMoOa-aq and 5MjO ] 2 Mo 03 a(i 
because of small differences in MjOiMoOa ratios. Although Uosen- 
heim preferred the second composition and formulated the ammonium 
salt as (NH 4 )fiHs[H 2 (Mo 04 ) 6 ]- 7 H 20 , crystallographic density and cell 
dimension data^» indicate clearly that the formula of this salt is 
(NH 4 )«[Mo 7024 ]- 4 H 20 . The similarity of the paramolybdutes' to the 
6 -heteropolymolybdo acids suggests strongly that one molybdenum 
acts as a central atom in the anion and that the other six molybdenums 
surround it as MoOe octahedra, giving an ion (Mo(Mo 6 0 24 )l~*. How¬ 
ever, this is only speculative, and confirmation of this and other points 
mentioned above is highly desirable. 


DETECTION OF COMPLEX IONS IN SOLUTION 

M has already been indicated (p. 227), complex species which exist 
m the solid state are not necessarily the same as those which exist in 
solution. In certain cases, there is evidence that complex ions are 
present in solution, although it is impossible to prepare solid com¬ 
pounds containing them. Study of such materials is limited to the 
appheatmn of physical methods which yield data on the compositions 
and stabilities of the species. Detailed considerations of these pro- 
redures are somewhat beyond the scope of this book, but among the 
most commonly employed approaches are the following; ^ 

(IM)'.''""''"’ ““‘'“•'oven: 2. anorg. allge,,. Chen.. 194, 38i 

J. H. stimlivnnt: y. A„,, chen. Soc., 59, 630 (1937). 
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1. Absorption sp)ectra measurements. 

2. Raman spectra measurements. 

3. Refractive index studies. 

4. Conductance measurements. 

5. Transference studies. 

6. Electromotive force and polarographic measurements. 

7. Amperometric titration studies. 

8. pH and pH titration studies. 

9. Freezing point depression measurements. 

10. Dialysis studies. 

11. Solubility studies. 

12. Magnetic moment evaluations. 

13. Distribution studies involving immiscible solvents. 

CONCLUSION 

The importance of coordination compounds and the concepts regard¬ 
ing their formation and constitution cannot be overemphasized. It 
will be apparent from subsequent discussions of specific topics in 
Part II of this book that the vidws developed in this chapter can be 
extended to almost every phase of inorganic chemistry. In fact, such 
approaches are so tempting that they have been overemphasized by 
many individuals. However, it may be of interest to summarize 
rather broadly a number of general fields in which knowledge and 
application of coordination compounds have proved of value.*® 
Among them are: 

1. The mineral world, many minerals being coordination compounds. 

2. The plant world, compounds such as chlorophyll being derived 

from metal ions by addition of coordinating groups. 

3. The animal world, the coloring materials in blood (hemin, 
hemocyanin), for example, being coordination compounds. 

4. The arts and sciences, the most notable useful coordination com 
pounds being the metal phathalocyanins (pigments); the metal lakes 
(dyeing); and the cyano complexes (metallurgy, electrodeposition). 

5 . Analytical chemistry, many qualitative and quantitative opera¬ 
tions being based upon the formation or properties of coor ina e 
derivatives of the metal ions. 
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CHAPTER 8 


Oxidation-Reduction 
Oxidation Potentials 


Oxidation is a term used originally to characterize those reactions 
in which the element oxygen combined or reacted with some other 
chemical substance. In the sense that oxidation implied the addition 
of oxygen, the term reduction was used to characterize those reactions 
in which oxvgen was removed from its compounds, usually through 
use ot hydrogen. It is still not uncommon to see relerences to the 
oxidizing power of a molecule or ion expressed in terms of its oxygen 
content or references to reducing power in terms of hydrogen content. 

The limitations of such definitions became apparent even before the 
dependence of chemical behaviors upon electrons was pointed out, for 
the inherent similarities between the combination of, for instance, a 
metal such as copper with oxygen and with sulfur or with chlorine 
could not be denied. Nor could the similarities between reactions ot 
metal oxides with hydrogen and with other metals or metal salts in 
general with other metals be overlooked. Consideration o a sue 
reactions in terms of the electrons which are involved renders these 
similarities apparent and provides a basis for their logical c assi ca¬ 
tion Thus an element is combined with oxygen because of the 
removal of electrons from that element by the more ‘^j^ctronegative 
oxygen, whereas oxygen is “removed" from a compound bV Mrogen 
because hydrogen provides electrons to the 

can be explained similarly. Therefore, the terms 7;“; 

tion can be extended logically to all reactions in winch f 

give up or acquire electrons. In a broad way then oxi^fo" 
synonymous with electron loss, and reduction with « ^ . 

The terms electron loss and electron gam ment closer scrutiny. 

' C. A. Vander Werf, A. VV. Davidson, and H. H. Staler: J. Chem. Edocal 

22, «0^( j EducoUm, 26, 547 (1948). 
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In some reactions, such as, for example, the reaction of sodium with 
chlorine to give ionic sodium chloride, there can be no argument as to 
their meanings; it is obvious that one element (here sodium) loses 
electrons and is oxidized while the other element (here chlorine) gains 
electrons and is reduced. On the other hand, when hydrogen reacts 
wth chlorine to form hydrogen chloride, there is no electron gain or 
loss in the same sense because the bond in the resulting molecule is 
covalent in character. The situation becomes e\'cn more (mmplex in 
reactions such as that in which permanganate is converted to manga- 
nese(II) ion by iron(II) ion in acidic solution, for although by common 
consent the permanganate is reduced the manner in which elec¬ 
trons are added is not immediately obvious. It has usually been suf¬ 
ficient to consider that redistribution of electrons causes the observed 
changes even though the actual mechanism may be somewhat obscure. 

Some solution to this apparent dilemma lies in application of elec¬ 
tronegativity concepts to covalent bonds and in use of the oxidation 
numbers or states so indicated (p. 211). Thus, in the hydrogen- 
chlorine reaction, the greater electronegativity of the chlorine renders 
it effectively negative with respect to hydrogen in the polar bond 
joining the two. If chlorine is then said to be in a — 1 state of oxida¬ 
tion and hydrogen in a -f-1 state, chlorine is reduced and hydrogen 
oxidized, and the reaction involves oxidation-reduction. Similarly, in 
the permanganate ion, manganese is in a -1-7 state of oxidation due to 
electronegativity differences, and its conversion to mangancse(II) must 
then involve addition of electrons or reduction. The artificiality of 
this concept is obvious; yet it is a useful concept and one widely 
applicable to inorganic reactions. Perhaps it would be le.ss artificial 
to consider as oxidation any process resulting in increase (in a positive 

direction) in oxidation state and as reduction any process resulting in 
decrease in oxidation state.* 


ION-ELECTRON HALF-REACTIONS 

Many of the oxidation-reduction processes involving inorganic mate- 

nals take place in solution (usually aqueous) and depend upoiv ions 

to a pater or lesser degree. Such ionic reactions are commonly 

dpnbed ^ completed ionic equations balanced by conventional pro¬ 
cedures. Thus the equations* 


(P 3U) ^ protonic acids 

It is wc f ■n .on.c equations by use of the uosolvated proton, H*. 

of evl nSSrhlv T'' . ‘’I,” unsolvated protons in Iny solvent 

eolvents, the exact degree of solvation being always indeterminate, it seems more 
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3Cu + 8H+ + 2N0,- ^ 3Cu+* + 2N0 + 4H,0 
6Fe+’ + 14H+ + 0,0,-* ^ 6Fe+* + 2Cr+* + 7H,0 


describe reactions typical of those commonly encountered. 

Completetl equations so written are free of any arbitrary assump¬ 
tions as to the mecharusms of the reactions which they describe, but 
their balancing must of necessity require such assumptions. Although 
it is apparent that dissolution of copper in nitric acid (first equation 
above) proceeds by the loss of two electrons per atom of the metal, 
the mechanism by which electrons convert nitrate ion to nitrogen(II) 
oxide is much less obvious. The same may be said of the second reac¬ 
tion described above, where loss of a single electron readily accounts 
for the oxidation of the iron(II) ion, but difficulties attend description 
of reduction of the dichromate ion. Of course the usual explanation 
suggests transfer of sufficient electrons from the reducing agent to 
the oxidizing agent to effect observed changes in oxidation state, but 
this is tantamount to saying that in the examples cited, for example, 
nitrogen(V) and chromium(VI), or perhaps N"*"® and Cr+®, are the 
oxidizing agents. That the nitrate and dichromate ions are the species 
actually involved and that the reactions described occur only in acidic 
solutions are thus completely ignored. Although one may admit that 
such considerations are of no especial consequence in balancing opera 
tions alone, he must certainly recognize the desirability of a more 
fundamental treatment. 

Oxidation-reduction reactions may be thought of as occurring in wo 
parts, one embracing oxidation and the other reduction, T is con 
sideration is justified by the fact that many such reactions can be 
duplicated in appropriate electrochemical cells as summation o in 
vidual anode and cathode reactions. Partial reactions of t e^ ypcs 
are referred to as ion-electron half-reactions, since they invo ve ions 
and the requisite numbers of electrons. ExpreMion of t ese a 
reactions in equation form gives ion-electron equations. ey me 
only those materials actually involved in or produced by e p • 
To illustrate, the oxidation of copper by nitric acid (above) y 
formulated in terms of the equations 


Cu ;=i Cu+* + 2e- (oxidatjpn) 


consistent to recoRnize the existence of solvation and th unsolvated. 

vated than to solvate the proton arbitrarily and solutions adds no 

The inclusion of H,0> in equations lor ^tio^ o7rendering such equa. 

especial element of correctness and has the disadvantage of rendenng 

tions cumbersome. 
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and 

NOr + 4H'*' + 3e“ NO + 2H20 (reduction) 

whereas reduction of dichromate by iron(II) ion may be described by 
the equations 

pg+i ^ pg+s _|_ g- (oxidation) 

and 

Cra 07 ““ + 14H+ + Ge“ 2Cr+® + 7HiO (reduction) 


In any case, then, the completed equation is obtained by tlie alKel>rai(‘ 
summation of the half-equations after equalization of the numbers of 
electrons involved. 

Treatment of oxidation-reduction processes in terms of ion-electron 
half-reactions has the advantages of indicating clearly the oxidizing 
and reducing agents and outlining the conditions under which they 
react. Electron changes are clearly indicated, and arbitrary hypothe¬ 
ses involving improbable species (e.g., N+‘, Cr+‘) are thus avoided. 
Furthermore, these processes are quite generally reproducible as elec¬ 
trode processes in appropriate electrochemical cells. That oxidation- 
reduction processes do proceed via ion-electron half-reactions seems 
highly probable, therefore. 

CJertain conventions are observed in the formulation of equations of 
the ion-electron type. The inclusion of materials which have no 
existence in fact under the conditions of the reaction at hand is pre¬ 
cluded. Thus the N(V)-N(II) couple cannot be stated simply as N"*"^ 
+ 3e--~» N+*, because the materials involved are actually NOs” and 
NO. Furthermore, since these reactions occur in aqueous solutions, 
water and the hydrogen ion or the hydroxyl ion may be involved. 
In acidic solutions, the proton (H+) does not enter into reactions 
involving conversion of an atom into a simple ion which can be effected 
directly by electron loss or gain. In alkaline solutions, however, 
because of the insolubilities or amphoteric properties of many hydrox¬ 
ides,* inclusion of hydroxyl ion is often necessary. On the other hand 
m reactions involving oxy anions, inclusion of hydrogen or hydroxyl 
ion, depending on the pH of the medium, is essential. These conven¬ 
tions are apparent in the comparative equations summarized in Table 
8-1 for various couples. Although all these equations have been 
wntten with the electrons on the same side of the double arrow, it is 

ia nJn j'ifi appearing in this chapter, the term hydroxide 

L ■ K ? “ constitution of the material. If a substa^e 

f hydroxyl ions is water insoluble, it will be 

bydroxide regardless of its true composition. Exaet distinctions 
in compositions are discussed later (pp. 500-502). 
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TABLE 8-1 

Ion-Electbon Equations for Typical Reactions 


Couple 

Acidic Solutioo 

Alkaline Solution 

N»(0>-Na(l) 

FelO-FedI) 

Fe(II)-Fe(III) ' 

.M(0)-Al(ni) 

Cr(III)-Cr(VI) 

CI(0)-C1(V) 

Nft* + <- 

Fc ^ Fe** + 2<’ 1 

Fe** Fe*» + 

Al^ Ar* + 3c- 

2Cr^* + 7HfO — CnO;-* + MU" + 6c- 
hCU + 3HtO:=^ ClOr + 6H* -h 6c- 

Na^ Na* + f 

Fa + 20H' :=i Fe(OH)» + 2«- 
Fc(OH)» + OH- ^ Fe(OH)i + «- 

Al + 40H- ^ AlOr + 2HiO + 3«- 
CrOr + 40H- ;=; CtOi-» + 2H.0 + 3«- 

Jicu + oou- ciOi' + 3UtO + s«- 


immaterial on which side they appear as long as they are associated 
with the oxidant. Use of the double arrow emphasizes the equilibrium 
characteristics of such reactions. 


OXIDATION POTENTIALS 

That any chemical reaction proceeds at all is due to the inherent 
tendency of the system to approach equilibrium conditions. Such 
conditions may result under almost any concentration circumstances, 
but for practical purposes we often limit considerations of reactions to 
those circumstances under which equilibria are sufficiently displaced 
to give us measurable quantities of reaction products. Although the 
driving forces leading to the establishment of such equilibria depend 
upon the reaction type, they are always governed, in the thermo¬ 
dynamic sense, by the tendency of the free energy* of the system m 
question to decrease until at equilibrium the free energies of t e pr 
ucts equal those of the remaining reactants. Alteration in free energy 
in oxidation-reduction systems is associated ^vith the tendency o 
the reductant to lose electrons and the oxidant to gam electrons. 

Inherent tendency toward electron gain or loss m a particu ar sys 
can be measured as an electrical driving force and expr^^^^d ^ 
potential value. Since it is quite impossible to obtain ^bso 
for such potentials, they are best and most common y e.xp 
tive to some arbitrarily selected standard. By this 
electron half-react.on may be described ^ 

characteristic potential value. Such potentials may 

• Fre. enerKV is . ther.nodynan.ic quantity which maximum 

available work which can be obtained m the sum of the free 

state. The free energy .-haiige m a rear ion amoii 

energies of formation of the products in t le ^ reaction should be 6|>on- 

cnergies of formation of the rem tants. In ° energy must occur. In 

taneous or even energetically possible, a process must be negative, 

other wonls. the change in free energy m any sponUncous proc 
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tion-reduction potentials, but they are usually characterized merely as 
oxidation potentials since their magnitudes measure the relative ease 
with which the reductants appearing in the various half-reactions 
oxidize. 

As bases for absolute comparison, so-called standard oxidation poten¬ 
tials {E^) are employed.® Standard oxidation potentials arc tho.se 
characterizing half-reactions at 2o°C. (208'’K.), in which all metals are 
considered as solids, all gases are taken to be at one atmosphere pres¬ 
sure, and all ions are measured at unit activity.* As a standard of 
reference, the reaction summarized by the equation 

iH 2 (l atm.) ^ H+(a - 1) + c- (8-2) 


is assumed to have a potential value of zero at 25®C. (i.e., = 

0.000 volt), and all other potentials (standard or otherwise) are referred 
to this value. 

Summarized in Tables 8-2 and 8-3, respectively, are standard poten¬ 
tials for many of the more common inorganic couples in acidic and 
alkaline media. These values are those given by Latimer.® In tabu¬ 
lating these potentials (and in their subsequent use in this book), 
the conventions employed by Latimer® have been followed. Thus 
in each equation, the reductant has been placed on the left and the 
oxidant, together with the requisite number of electrons, on the right. 
To distinguish between reductants more powerful than hydrogen gas 
and those which are less powerful, positive and negative potential 
values are given.f If the potential is positive, the reductant in the 

* W. M. Latimer: The Oxidation States of the Elements and Their Potentials in 
Aqxieous Solutions. Prcntice-HaW, New York (1938). 

* Activity (o) may be regarded as an effective or thermodynamic concentration. 
It has the connotation of ordinary molal (m) concentrations but is related to them 
by the expression 


ym 




where y is a. correction factor known as an aelivily coefficient. Activities arc used 
becavise most ionic substances depart from expressed molalities in their behaviors 
in aquMus solutions as a result of interionic attraction effecU. Deviations between 
wtivities and molalities decrease with decreasing concentrations. They are also 
least with com^unds of the 1:1 type (i.e., NaQ. MgSO*, ete.) but become increas- 
mgly large with departures from the 1:1 typo, 

t Although the sign convention of Latimer U employed throughout this book. 
It IS only fair to indicate that many authors, particularly those interested in 
^larography (e.g Heyrovsky, Kolthoff), prefer exactly the opposite convention. 

8 2 characterized by positive potentials in 

mpteyed w of far less im^rtence than a statement indicating which convention 
« used. Too often such statements are omitted in literature discussions. 
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TABLE 8-2 

Standard Oxidation Potentials in Acidic Solution 


Couple 

1 

1 

xjcoi-ud) 

U; 

C*(0)-Ca(I) 

Ca ; 

Rb(0)-Rb(l) 

Rb; 

K(0)-K(I) 

K; 

B»(0)-B»(M) 

Ba : 

Sr(0)-Sf(II) 

Sr; 

C»(0>-C»(II) 

Ca; 

N*(0j-Np(l) 

Na; 

U(0}-U(III) 

La ; 

Mg(0>-Mg(n) 

Mg; 

H(-I)-H{0) 

H- ; 

Th(0)-Th(IV) 

Th + 2HiO ; 

Be(0)-Be(ll) 

Be ; 

Hf(0)-Hf(IV) 

HI + H,0; 

Al(0>-Al(ni) 

Al; 

Zr<0)-Zr(IV) 

Zr + 2HiO? 

Mn{0)-MD<II) 

Mn; 

Ti(0)-Ti(IV) 

Ti + 2H,0 = 

Si(0)-Si(IV) 

Sa + 2H.O; 

U(0)-U(VI) 

U + 2HtO ; 

Zn(0)-Zo(II) 

Zn;: 

B(0)-B(II1) 

B + 3HiOr 

T»(0)-Ta(V) 

2Ta + 5HtO^ 

Cr(0)-Cr(III) 

Cr- 

T«(-II)-Te(0) 

HiTe(aq) 

Nb(0;-Nb(V> 

2Nb + 5HtO? 

P(I)-P(in) 

HiPO, + H.O;: 

A8(-IIl)-Aa(0) 

AaHi ^ 

Ga(0;-Ga(ni) 

Ga;= 

P(0)-P(ni) 

P 4 - 3HtO;= 

Fe(0)-Fe(II) 

Fe;: 

Eu(lI)-Eu(IlI) 

Eu**;: 

Cr(II)-Cr(III) 

Cr**- 

Cd(0)-C<J(II) 

Cd^ 

Se(-II)-6e(0) 

Hi8e(aq) ~ 

lD<0)-lD(ni) 

In;; 

TI(0)-T1(I) 

Tl;= 

P{0)-P{I) 

P + 2H»0 — 

Co(0)-Co(II) 

Co- 

Ni(0>-Ni(ir) 

Ni ;= 

V(II)-V(1II) 

V**;= 

P(1II)-P(V) 

HiPO. + H,o;= 

Sa(0)-Sn(II) 

Sn;= 

Pb(0)-Pb(II) 

Pb — 

P(-III)-P(0) 

PH.(k) — 

Fe(0)-Fe(III) 

Fe 

D(0)-D(1) 

HDt~ 



S(-1I)-S(0) 

HiS(aq)^ 

Re(0)-Re;VII) 

Re + 4H,0^ 

!in(II)-Sn(IV) 

11 

M . 

Cu(L-Cu(II) 


S(1V>-S(VI) 

HtSOi + 


= + •- 
-Ce' + •- 
i Rb* + 0- 
i K‘ + •- 
; + 2*- 
i Sr*» + 24- 
i C*»» + 2«- 
i N»* + «* 
i La»» + 3#* 
i Mg** + 2*' 
iHHt + •- 
i TbO. + 4H* + 4*- 
: Be** + 20- 
i HfO** + 2H* + 4** 
i Al** + 3*- 
: ZrOi + 4H* + 4e- 
t Md** + 20- 

■ TiOi + 4H* + 4«' 
tSiOi + 4H* + 4«- 

: UO.** + 4H* + 6#- 
I Zp** + 20- 
i HiBO. + 3H* + 3#- 
^Ta.O. + lOH* + lOi- 
:Cr** + 3*- 

■ Te + 2H* + 2«- 

: NbtO. + lOH* + lOe 
t H.POi + 2H‘ + 2«- 
: Aa + 3H* + 3«' 
:C»** +• 3e- 
: H.PO. + 3H* + 30- 
: Fo** + 2«- 
: Eu** + 0- 
Cr** + •- 
Cd** + 2«- 
S« + 2H* + 2«- 
lD*» + 3#- 

n* + *- 

HiPO, + H* + #- 
Co** + 2*' 

Ni** + 2«- 
V** 4- •’ 

H 1 PO 4 + 2H* + 2i' 
Sd‘» + 2«- 
Pb*» + 2«- 
p + 3H* + 3e- 
Fe** + 3*- 
D* + 0- 
H* + 0- 
S + 2H* + 2«- 
RcO,- + 8H* + 7#- 
Sd** + 2«- 
Cu** + 0- 
SOr* + 4H* + 20" 


▼oiu 


+3.02 

3.02 

2.09 

2.022 

2.90 

2.60 

2.67 
2.712 
2.37 
2.34 
2.23 
1.60 
1.70 
1.66 

1.67 
1.43 
1.05 
0 05 
0 64 
0 62 
1) 7620 
0 73 

0 71 
0 71 
0.60 
0 62 
0 59 
0 54 
0 52 
0.40 
0.440 
0 43 
0.41 
0.402 
0 36 
0.340 
0 3363 
0.20 
0 277 
0 250 
0 20 
0 20 
0.136 
0.126 
0.04 
0.036 
0.0034 
0.0000 
^O.Ul 
-0.15 
^0.15 
-0.167 
- 0.20 
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TABLE 8-2 (ConUnMd) 


Couple 

Equation 

JS^i. volts 

Sb(0)-Sb(lll) 

6b + HtO ^ SbO* + 2H* + 3#- 

-0.212 

1 

A8(0)>-As(I1I) 

Ab + 2HiO HAbOi + 3H* + 3i- 

-0.2475 

V(II1)-V(1V) 

V» + HiO ^ VO** + 2H* + *- 

1 -0.314 

1 

B>(0)-Bi(l!I) 

Bi + HiO ^ BiO* + 2H+ + 3«- 

I -0.32 

Cu(0)-Cu(II) 

Cu ^ Cu** + 2«* 

-0.3448 

S(0)-S{1V) 

8 + 3HtO ^ HiSOi + 4H* + 4*- 

! -0.46 

Cu(0)-Cu(l) 

Cu ^ Cu* + •“ 

1 -0.622 

1 

Te(0)-Te(IV) 

T« + 2HtO ?=: T«Oi(») + 4H* + 4*- 

-0.520 

I(-IM(0) 

1“ ^ XL + •" 

-0.5345 

A«(I1I)-Ab(V) 

HAbOi + 2HiO ^ HiAbO« + 2H* + 2«' 

-0.559 

Sb(Ill)-Sb(V) 

2SbO* + 3HiO ^ SbiO»(«) + OR* + 4«- 

-0.64 

0(“I)-0(0) 

+ 2H* + 2«- 

-0.682 

Se(0>-Se(IV) 

&e + 3B«0 ^ Hi8eO» + 4H* + 4«- 

-0.740 

Fe(lI)-Fe(III) 

F«*»^Fe*» + •- 

-0.771 

Hg(0)-Hg(I) 

Hg^XHg,** + B- 

-0.7086 

Ag(0)-Ag(I) 

Ag?i Ag* + «- 

-0.7005 

N(1)-N(HI) 

HiNtOi + 2BtO ^ 2HNOi + 4H* + 4«' 

-0.80 

N(IV)-N(V) 

NtO* + 2HtO ^ 2NO»- + 4H* + 2«- 

-0.81 

0(-II)-0(0) 

HiO XO* + 2H*(10-» m) + 2b- 

-0.815 

Pd(0)-P<i(H) 

Pdj^Pd** + 2*- 

-0.83 

Oi(0)-Oe{Vin) 

Ob + 4HtO ^ OeOi + 8H* + 8«~ 

-0.86 

Hg(0)-Hg{n) 

Hg^Hg** + 2b- 

-0.864 

Hg(l)-Hg(II) 

Hgi** 2Hg** + 2b- 

-0,010 

N(III)-N(V) 

HNOi + H*0 ^ NO|- + 3H* + Ib" 

-0.94 

N{II)-N(V) 

NO + 2H,0 ^ NO»- + 4H* + 3b- 

-0.06 

N(II)-N(III) 

NO + HtO HNOi + H* + B- 

-0.00 


1- + HtO ^ HIO + H* + 2b- 

-0.00 

V(IV)-V(V) 

VO** + 3HtO V(OH)4* + 2H* + b" 

-l.OO 

ci(V)-a(Vii) 

CIO.- + HfO ^ aOi- + 2H* + 2b- 

-1.00 

Te(IV)-Te(VI) 

TeOt(B) + 4HiO;:± H,T<0.(b) + 2H* + 2b- 

-1.02 

N(II)-N(IV) 

2NO + 2HtO ^ NiOt + 4H* + 4b- 

-1.03 

Br(-I)-Br(0) 

2Br-^BriO) + 2b- 

-1.0652 

N(ni)-N(IV) 

2HNOi^ NiOt + 2H* + 2b- 

— 1.07 

I(-I)-1(V) 

1- + 3H,0 ^ lOi- + 6H* + ttB- 

— 1.085 

Br(-I)-Br(0) 

2Br-;=tBrtU<i) + 2b- 

— 1 087 

8e(IV)-8e(VI) 

HiSeOi + HtO^ GeO«-* + 4H* + 2b- 

— 1 15 

1(0)-1(V) 

Xli + 3HtO lOi- + 6H* + 5b- 

-1.195 

0(-I1)-0(0) 

Pt ;:± Pt** + 2b- ! 

HtO;=t XO, + 2H* + 2b- ' 

c». -1.2 
-1.229 
-1.23 
-1.25 
-1.28 
-1.20 
e». -1.29 
-1.33 
-1.34 
-1.3583 
-1.86 

CI(II1)-C1(V) 

HClOi + HiO C10»- + 3H* + 2b- 

Ti(i)-Ti(in) 

n*?±Tl*» + 2b- 

MQ(II)-Mn(IV) 

Mq*» + 2HtO MnOi + 4H+ + 2b- 

N(i)-N(in) 

NiO + 3HiO ^ 2HNOt + 4H* + 4b- 

Au(I)-Au{ni) 

Br(-I)-Br(l) 

Au*^Au*» + 2b- 
Br- + HiO HBrO + H* + 2b- 

a(0>-Cl(VII) 

a(-i)-a(0) 

Cr(IlI)-Cr(Vr) 

Au(0)-Au(III) 

XQi + 4HtO ClO|-+ 8H* + 7B- 
Cl-;^Xal+B- 

2Cr*» + 7HtO ?=i CriOt-* + 14 H* + 6#* 

Au Au** -f 3b- 

Br(-I)-Br(V) 

I(0)-I(1) 

C1(-I)-CI(V) 

Pb(lI)-Pb(IV) 

Cl(0)-a{V) 

Br- + 3HiO ^ BrO»- + 6H* + 6b- 

— 1.42 

-1.44 

-1.46 

-1.45 

-1.456 

-1.47 

XIi + HtO ^ HIO + H* + B- 
Cl- + 3HiO ^ CIO*- + 8H* + 6b- 
Pb** + 2H,0 ^ PbOt + 4H* + 2b- 
XCli + SHiO^ ClOi- + 6H* + 5b- 
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TABLE 8-2 (Co«/»nu«0 


Couple 

Equation 

£|„, volta 

ci(-i)-ri(i) 

Cl- + HiO ^ HCIO + H ‘ + 2»- 

-1.49 

Mn<ll)-Mn(llh 

Mn*» ^ Mn*> + «- 

-1.61 

Hr(0)-Br(V) 

>,Bri + 3HtO^ BrOi- + 6H* + 5«- 

-1.52 

Mn(ll)-Mn(Vn) 

Mn*‘ + 4 HjO;^ MnO.- + 8H* + 5«- 

-1 52 

Cl{-1)-C'l(lll) 

Cl- + 2HiO=S HCIOi + 3H* + 4«- 

-1.66 

Br(0)-Br(l) 

>iBr, + HiO;=i HBrO + H* + «' 

-1 S9 

N(I)-N(II) 

N,0 + H,0 ;=5 2NO + 2H* + 2*- 

-1.59 

Ce(IlI)-Cr(IV) 

c«** + «- 

1 

-1.61 

CUO)-CI(I) 

>iCl, + HsO ^ HCIO + H* + «- 

-1.63 

Cl(0)-Cl(ni) 

>iCli + 2H,0^ HCIOj + 3H» + 3*- 

-1.63 

Mn<IVj-Mn(VII) 

MnOt + 2HfO^= MnOi- + 4H* + 3«- 

-1 67 

Au(0)-Aii(1) 

Au Au» + «- 

- 1.68 

I(V)-I(VII) 

10|- + 3HtO;^ HilO. + U* + 2<' 

c«. —1.7 

Ni(II)-Ni<IV) 

Ni*» + 2HtO;=i NiOi + 4H’ + 2«- 

-1.76 

0(-II)-0(-I) 

2HiO^ H,0, + 2H* + 2«- 

-1.77 

N(0)-N(l) 1 

Ni + H.O ^ N,0 + 2H* + 2e- 

-1.77 

Co(Il)-Co(III) 

Co‘» + *- 

1 —1.84 

-1 98 
; - 2 06 
-2.07 

Ag(I)-A8(II) 

Ak‘ ^ Ar** + «- 
2SO.'» StO|-» + 2«* 

Oi + HiO ^ Oi + 2H‘ + 2«* 

0{-ll)-0(Il) 

H»0 + 2F- ^ F,0 + 2H» + 4«- 

-2.1 

0(-Il)-O(0) 

H,0?i 0(«) + 2H* + 2«- 

— 2 42 
-2 86 

F(-1)-F(0) 

F' ^ Fi + «■ 

F(-I)-F(0) 

HF;=i HF» + H* + ♦- 

— 3.03 


TABLE 8 3 

Standaki) Oxidation Potkntials in Alkaline Solution 


Couple 


U(0)-Li{I) 

Ci(0)-C8(I) 

C»(0)-C»(II) 

Sr(0;-Sr{II) 

Rb(0j-Rb(I) 

Btt(0)-Ba(n> 

K{0>-K(I) 

U(0)-U(1II) 

N*(0>-N#(I) 

Mjc(0)-M8(II> 

Th(0)-Th(IV) 

Hf(0)-Hf(IV) 

B(0>-B(ni) 

Al(O)-AUni) 

Zr(0)-Zr(lV) 

B«(0)-Be(n) 

B{0)-P(I) 

Si(0)-8i(IV) 

F(0)-P(ni) 

Mn(0>-Mn(n) 


Eqijttion 


C* 

Sr + 20H- 
Ba + 20H • 

La 

Mr 

Th 

Hf 

B 

A1 

Zr 

2Be 

P 

Si 

P 

HiPOr 

Mo 


Li^U* + e- 
Cs^Cb* + «* 

+ 20H- ;=; Ca(OH)i + 2«- 
+ 8HjO ;=: Sr(OH)j-8HtO + 2«" 
Rb^ Rb‘ + «• 

+ 8HiO ^ Ba(OH)i'8HjO + 2e* 

K* + «' 

+ 30H- U{OH)i + 3«- 
No ^ Na* + «- 
+ 20H' ^ Mr(OH)« + 2«' 

+ 40H- 7 =^ TbOi + 2HrO + 4e' 

+ 40H- HfO(OH)i + H.0 + 4r 
+ 40H- HtBOi" + HiO + 3*' 

+ 40H- ;=i HiAIOj- + HiO + 3#" 
+ 40H - ZrO(OH). + HiO + 4e' 
+ 60H- ^ BeiOi'* + 3H>0 + ** 

+ 20H- HiPOi" + «“ 

+ 60H- SiO*-* + 3H,0 + 

+ 50H-;=: HPO|-» + 2HiO + 3* 

+ 30H - ^ H POi-» + 2H,0 + 2*- 
+ 20H' ^ Md(OH)i 


Sm. volta 


+3.02 
3.02 
3.02 
2.99 
2.99 
2.97 
2 922 
2.76 
2.712 
2.67 

2.64 
2.60 
2.5 
2.35 
2.32 
2.28 
1.82 
1.73 
1.71 

1.65 
1.47 
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TABLE 8-3 (Continued) 


Couple 


Cr(0)-Cr(ni) 

Ga(0)-C&(lll) 

ZD(0}-Zn(ll) 

Cr(0)-Cr(III) 

P(in)-P(V) 

Sn(II)-S&(IV} 

Te(-II)-Te(0) 

S(IV)-S(VI) 

F«(0)-Fe(IIj 

P(-in)-P{0) 

N(IV)-N(V) 

Cd{0>-Cd(II) 

R«(0)-Re(VlI) 

8n(0j-S&(II) 

Se(-II)-Se(0) 

Co(0)-Co(II) 

Ac(in)-As(V) 

Aa(0)-Aa(rri) 

Sb(0)-Sb(III) 

Ni(0)-Ni(II) 

Pb(0)-Pb(n) 

Fe(II)-Fe(riI) 

Pb(0)-Pb(II) 

S(-II)-S(0) 

8(-I1)-8(0) 

N(1I)-N(III) 

MadD-Mndll) 

Cu(0)-Cud) 

Se(O)-SedV) 

Tl(O)-Tld) 

Cu{0)-Cudl) 

Nd)-Ndn) 

Cr{in)-Cr(VI) 

Cud)-Cudi) 

O(-I)-O(0) 

TKD-Tldl!) 

T«(0)-TedV) 

NdllHN(V) 

BedV)-Be(Vl) 

H((0)-H|dl) 

Pd(0)-Pddl) 

Ir(O)-Irdll) 

Nd)-Ndi) 

H*(0)-Hgd) 

N(I)-Ndll) 

pt(o)-ptdi) 

a(V)-ci(vii) 

Co(Il)-Codll) 

I(-I)-I(V) 

A«(0)-Afd) 

adii)-ci(V) 

O(-II)-O(0) 


EquatioD 


Cr + 30H- 
Ga + 40H- 
Zo + 40H- 
Cr + 40H- 
HPO.-» + 30H- 
HSoOi’ + 30H- + H,0 

Te-« 

SO|-* + 20H- 
Fo + 20H- 
PH,(f) +30H- 
Nf04 4- 40H- 

Ht + zon¬ 
ed + 20H- 
Re + 80H- 
8a + 30H- 
Se-» 
Co + 20H- 
AaOr + 40H- 
Aa + 40H- 
8b + 40H- 
Ni +20H- 
Pb + 20H- 
Pe(OH)i + OH- 
Pb + 30H- 
s-» 

H8" + OH- 
NO + 20H- 
Bi + 30H- 
Md(OH)i + OH- 
2Cu + 20H- 
8e + 60H- 
T1 + OH- 
Cu + 20H- 
N*0|-* + 40H- 
Cr(OH), + 60H- 
CutO + 20H- + HtO 
HOt- + OH- 
TIOH + 20H- 
To + 60H- 
NOi- + 20H- 
6eO|-* + 20H- 
H* + 20H- 
Pd + 20H- 
2Ir + 60H- 
NK)t-» 
+ 20H- 
NtO + COH- 
Pt + 20H- 
ClOr + 20H- 
Co{OH)t + OH- 
I- + 60H- 
2A* + 20H- 
ClOr + 20H- 
40H- 


;Cr(OH)» + 3*- 
- HiGaOi' + HtO + 3e 
-ZoO,-* + 2HtO + 2«- 
CrOt- + 2H,0 + 3e- 
rOt-> + 2HiO + 2*- 
8o(OH).-* + 2*- 
To + 2*' 

SO«-« + HiO + 2«- 
Fe(OH)* + 2e- 
P + 3HiO + 3«- 
2NO»- + 2H.0 + 2«- 
2HK) + 2e- 
Cd(OH)t + 2 »- 

ReO«- + 4HiO + ?•- 
HSnOi- + HiO + 2*- 
Se + 2«- 
Co(OH). + 2*- 
AaOr* + 2HiO + 2*' 
AaO.- + 2HiO + 3*- 
SbO»“ + 2H,0 + 3a- 
Ni(OH),+ 2a- 
PbO + HtO + 2«- 
F«(OH), + •- 
HPbOi- + HtO + 2#- 
S + 2a- 
8 + HiO + 2a- 
NOi- + H,0 + a- 
BiOOH 4* HiO 4- 3a- 
Mn(OH)i 4- •“ 

CutO 4- HtO 4" 2a- 
SeO.-* 4- SHtO 4- 4a- 
TIOH 4- a- 
Cu(OH)t 4- 2a- 
2NOt- 4- 2H,0 4- 4a- 
CrOa-* 4- 4H|0 4- 3a- 
2Cu(OH)i 4- 2a- 
Oi 4" HtO 4- 2a- 
TKOH)! 4- 2a- 
TeO»-» 4- 2HtO 4- 4a- 
NOt- 4 HtO 4- 2a- 
8«Oa-* 4- HtO 4- 2a- 
H*0(r) 4 HtO 4 2a- 
Pd(OB), 4 2a- 
IrtOi 4 3HtO 4 6a- 
2NO 4 2a- 
HgiO 4 HtO 4 2a- 
2NOt- 4 SHtO 4 4a- 
Pt(OH)i 4 2e- 
ClOa- 4 HtO 4 2a- 
Co(OH), 4 a- 
10,- 4 3HtO 4 6a- 
AgtO 4 HK) 4 2a- 
CIO,- 4 HtO 4 2a- 
0, 4 2H,0 4 4a- 


Vf.lt* 


1.3 
1.22 
1.210 
12 
1.05 
0.06 
0.92 
0.90 
0,877 
0.87 
0.85 
0.828 
0.815 
0.81 
0.79 
0 78 
0,73 
0.71 
0.08 
0.66 
0.60 
0.578 
0.56 
O.M 
0.508 
0.478 
0.40 
0.46 
0.40 
0.361 
0.35 
0.3446 
0.224 
0.18 
o.ia 
0 09 
0.076 
0.05 
0.03 
-O.Ol 
-0.03 
-0.0984 
-O.l 
- 0.1 
- 0.10 
-0.123 
-0.18 
-0.16 
-0.17 
- 0.2 
-0.26 
-0.344 
-0.35 
-0.401 



290 


Oxidation^ Reduction 


Oi. 8 


TABLE 8-3 {Coniinued) 


Couple 

1 

Equation 

# 

^iiii volU 

Ni(II)-Ni(IV) 

Ni<OH>, + 20H-;=i NiOl + 2H.02«- 

-0 49 


I- + 20H- ^ 10- + H,0 + 2*- 

-0 49 

Mn(Vl)-Mft(Vn) 

MnO«-*^ MnOt- + «' 

-0 54 

1(I)-I(V) 

lO- + 40H-^ lOi- + 2H,0 + 4«- 

-0 56 

Mn(IV)-MD(VII) 

MnOf + 40H*?i Md 04* + 2HtO + 3»- 

-0 57 

Ag(!)-Ac(ll) 

AgiO + 20H-^2Ag0 + H»0 + 2«* 

-0 57 

Mn(IV)-MD(VI) 

MoO, + 40H-^ MdO,-> + 2HiO + 2* 

-0 58 

CKD-CKllI) 

CIO- + 20H • ClOr + H,0 + 2»- 

-0.59 

Br(-l)-Br(V) 

Br- + 60H- ^ BrO|- + 3H»0 + 6<- 

-0 61 

CI(-I)-C1(V) 

Cl- + 60H- ;=i ClOi- + 3H,0 + 6*- 

-0 62 

1(V)-1(VII) 

IO|- + 30H-;:^ HiIO.-* + 2*- 

C4. —0.70 

Ag(II)-Ag(III) 

2AgO 4- 20H* ^ AgtOi + HtO -h 2#- 

-0.74 

CT(-I)-CI(III) 

Cl- + 40H- ^ a0|- + 2HK) + 4*- 

-0.76 

N{I)-N(II) 1 

NiO + 20H-^2N0 + H,0 + 2#- 

— 0 76 

Br(-I)-Bf(I) 1 

Br- + 20H-;=i BrO- + H,0 + 2«- 

-0.76 

0(-Il)-0(-I) 

30H- ^ HOi- + HK> + 2«- 

-0 87 

bo 

N(III)-N(IV) 

2NOi-^ NtO* + 2$~ 

— 0.88 

A A J 

Cl(-I)-a{I) 

Cl- + 20H-;=1C10- + HtO + 2*- 

— 0 94 

CT(iii)-a(iv) 

aoi-^cio, + •- 

— 1.15 

1 OA 


Oi + 20H-^0i + HiO + 2*- 

— 1 

0(-ll)-0(-l) 

0H-;^0H + «- 

— 1.4 


half-reaction under consideration is a better reducing agent than hydro¬ 
gen gas and should reduce hydrogen ion to hydrogen gas. Conversely, 
if the potential is negative, the oxidant in the half-reaction is a better 
oxidizing agent than hydrogen ion and should oxidize hydrogen gaa 

to hydrogen ion. Thus, since 

Fe Fe+* -f 2e- Eln ^ 


iron is readily oxidized by hydrogen ion and liberates hydrogen gas 
from aqueous protonic acids. However, since 

Fe+*; 


Fe+* + e- 


= -0.771 volt 


iron(II) ion cannot be oxiijed by hydrogen 
reverse reaction being favored. Liberation of 
panied by oxidation of iron(O) to ironflll) is thus impossible. 

Numerical magnitude of the oxidation potential 

Data in Tables 8-2 and 8-3 embrace the P°*^"^^^^^j^X/gTbecause 
volts to -f-3.02 volts, the spread m acidic ^oIu^m ^e^ 8 ^ ^^a- 

of the generally more positive values no half-reactions 

line solution (p- 292). In a very ,obtain the most 

characterized by the largest positive po largest nega- 

powerful reductants, whereas those characterized y 
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tive potential values contain the most powerful oxidants. Although 
the qualifications of unit activities, etc., are implicit in these state¬ 
ments, rough comparisons of reducing or oxidizing power can be made 
in terms of standard potential values. 

Alteration in effective concentration (activity for an ion, pressure 
for a gas) distinctly affects the oxidation potential of a system, and 
standard potential values must be corrected, therefore, for such 
changes before they can be applied rigidly to usually encountered 
experimental conditions. Corrections of this type are made by means 
of the relation 

(8-3) 


where E is the potential under the conditions of the reaction, is the 
standard potential for the system in question, R is the gas constant 
(pil8 joules per degree per mole), T is the absolute temperature 
(°K,), n is the number of electrons involved in the process, is the Fara¬ 
day constant (96,494 coulombs), and Q is the activity quotient for the 
reaction. The activity quotient is the product of the activities (pres¬ 
sures) of the reaction products divided by the product of the activities 
of the reactants, each quantity being raised to a power indicated by the 
corresponding coefl&cient in the equation for the reaction. It is, there¬ 
fore, similar to a true equilibrium constant. All pure solids and 
hquids are considered to have unit activities. If £•> values are 
expressed at 25‘’C., substitution for the constants and conversion to 
ordinary loganthms (base 10) converts Equation 8-3 to 


£ = £0 - 




n 


log Q 


(8-4) 


S/r"? Obviously, if aU materials are at 

unit activity, Q is one, and E « 

concentration changes may be illustrated by 
s^e espies. Alteration of the potential characterising Equation 

reduced triO^m ti “ O'® °f hydrogen ion is 

uced to 10- m (i.e., to the value m pure water), the pressure of 


B 


^0 _ 0^0591 ^ 


rt 0.0591 a l0-» 
°--^log^ 

+0.414 volt 


(8-6) 
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Correspondingly, still further reduction of hydrogen ion activity as the 
alkaline range is entered causes the potential to become even more 
positive. This is of course a fundamental reason for the generally 
higher positive magnitudes for potentials in alkaline medium as com¬ 
pared with acidic medium. 

To carry these considerations further, consider the system 


for which 


Mn+* + 4H,0 ;=i MnOr + 8H+ 4- 5c- 


r> r'd 0.0591 I UuoOi* X flu** 
£ = -^ log 


E = -1.52 - 


n 

0.0591 


log 


Qmb04- X Qh** 


(8-6) 


If the activities of all the ionic species are altered to 0.1, substitution 
gives 

. „ 0.0591 , 0.1 X 0.1* 

-1.52--^ log Q -— 


which reduces to 


E = -1.43 volts 


Here it is obvious that the activity of the hydrogen ion is the controlling 
factor in determining the potential because of the high power to w c 

15 r&iS0cl • 

The dependence of potential values upon hydrogen ion 

(concentration) is of considerable importance. Strictly 

course, only those potentials which characterize 

water and its ions are affected. Thus the standard po n la 

Na(0)-Na{I) couple remains constant over the ha“lf-reaction. 

neither hydrogen nor hydroxyl ion is involved in ^ cTT\_Fe(in) 
On the other hand, the standard potential for the Fe H) Fe(nO 

couple remains constant only over that pH m ^ ^ 

hydroxide precipitation does not occur. Once this p 

the couple measured amounts to 

Fe(OH)i + OH- Fe(OH), + e' 

and the influence of the hydrogen ion ^ 

becomes apparent. Since m a system o this t^ he two ^ y 

possess different basicities and precipitate at ^ the 

502-503), there is no continuous transiti P couples, 

highly acidic to the highly alkaline rang . hydrogen ion 

e.g., Mn(II)-Mn(VII), dependence of potentiaU upon ny 
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Magnitude of the Standard Potential 


m 


activity is obvious from the characteristic equations. The variations 
obtained for a number of typical couples are summarized in Figure 8*1. 
Here values are plotted against hydrogen ion concentration instead of 



Concentration of hydrogen ion, mole/liter 


Fig. 81. Variation of potentials of particular couples with hydrogen ion con 

centration. 


activity for convenience. In a general way, substitution of concentra¬ 
tions for activities will indicate identical trends for most couples. 

Facton iehich determine the magnitude of the standard 
potential 


The relative reducing powers of metals and oxidizing powers of non- 

by ‘he magnitudes of their standard oxidation 
potential are associat^ qualitatively with differences in electroposi- 

ellLr character, respectively. Thus the most 

S Stit francium) is characterized 

efei^L y-^'oe. and ‘he most electronegative 

ement (fluonne) by the largest negative potential value. However, 
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in certain cases factors other than these may be of considerable 
importance. 

The standard oxidation potential for a metal-metal cation couple is 
a measure of the free energy associated with the conversion of a solid 
metal (M) to an aqueous solution of its ions, that is, of the process 
described by the general equation 

M(3) M+"{aq, 0 = 1) + ne~ (8'7) 

Correspondingly, the standard oxidation potential for a simple anion- 
non-metal couple is a measure of the free energy associated with the 
conversion of the aqueous anion to the (usually) gaseous non-metal 
(A), that is, of the process described by the general equation 

A-"(aq, a = 1) ■iA 2 (g, 1 atm) + ne- (8*8) 


As such, each of these total energy changes may be considered to 
result from the summed-up energy changes for the theoretical steps 
which might account for the completed process. Thus, after the 
Born-liaber treatment (pp. 184-186), these steps for the process sum¬ 
marized by Equation 8-7 might be formulated as 

M (s)- — -► M (g) 

i±'’ -H i+' 

M^-^faq, a - 1) ner <-M"+(g) + n«” 


where P, S, I, and H refer, respectively, to the energy changes meas¬ 
ured by the oxidation potential, the energy of sublimation, the ioniza¬ 
tion potential, and the energy of hydration of the gaseous ions. 
Exothermic quantities are indicated as negative and endothermic 
quantities as positive. Inasmuch as energy must be conserved in the 
entire cyclic process, it follows that 

±P = 5 + /-H 


all terms being expressed in comparable units.* Apparently, 
the' energy change expressed by the oxidation potential is determine 
by the relative magnitudes of the energies put in to sublin^ m 
ionize the metal as compared with the energy recovered through hy a- 
tion of the gaseous ions. Since the latter two quantities are often 
large compared with the first, their relative values will commonly 
determine the magnitude of the potential. 


• Since S, r, and H are commonly expressed in kilogram 
mole (or gram ion), conversion of P to volts must involve use of the equivalenc 

1 volt - 23,066 gcal. » 23.066 kcal. 
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In the same fashion, the change shown in Equation 8*8 may be 
formulated cyclically as 


iA2(g)-► A(g) 

-// i-® 

A-"(aq, a = 1) <-A-"(g) 


where D and E refer, respectively, to the energy changes measured by 
the dissociation energy of the gaseous molecules and the electron 
affinity of the gaseous ions. Again, by conservation of energy 


±P = D - E - // 


( 8 - 10 ) 


and the magnitude of the oxidation potential will be determined by 
all three factors. 

If all the energy changes indicated in Equations 8 9 and 810 were 
known accurately, potential values could be calculated directly from 
them. These energy changes are actually the free energy changes 
for the processes described and can be evaluated from experimentally 
determined heats of sublimation, heats of dissociation, etc., only if the 
corresponding entropy changes are also known.* Lack of complete 
data prevents anything beyond rough potential calculations for a 
majority of the known reactions. However, certain generalizations 
based upon data which are known are instructive. 

Equation 8-9 indicates that decreased reducing power (or enhanced 
nobility) in a metal is favored by large values for ionization potential 
and sublimation energy and a small value for the hydration energy. 
Inwmuch as the sublimation energy is somewhat dependent upon the 
boiling point, metals with excessively high boiling points (e.g., the 
platinum metals) would be expected to be quite noble. To illustrate 
the effects of these factors^ let us compare potassium = +2 922 
volts) with silver (£”„ = -0.7995 volt). The stepwise energy 
changes (not free energy changes) are; 


M(8) M(g) 

M(g) ^ M+(g) + e-(g) 
M+(g) ^ M+(aq) 

M(8) ^ M+(aq) + «-(g) 


K 

21.7 kcal. 
100.0 
-77 
44.3 


Ag 

67 kcal. 
176 
-113 
128 


free enenp. (nF) and the change 

&P ^ iJI - T &S. 
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Thus potassium is the more electropositive element because the 
energies associated with its sublimation and subsequent ionization are 
much smaller than the corresponding values for silver whereas the 
difference in hydration energies is proportionately much less. 

Of particular interest are variations in the standard oxidation poten¬ 
tials of the alkali metals (Table 8-2). Helpful data of aid in accounting 
for these variations may be summarized as: 



Li 

Na 

K 

Rb 

Ci 

M(*) ^ M(g) 

38 3 kc%\. 

26.0 keal. 

21 7 kcal. 

19 9 kcal. 

19.1 

.M(g) M‘(*) + #-(*) 

124 S 

118 5 

100 0 

96 3 

89.8 

M*(g) M*(«q) 

- 123 

-97 

-77 

-70 

-63 

.M(») XX + «-(g) 

39 1 

47 

44 3 

46.8 

45 6 


Although these data do not give exact measures of potential values, 
they do indicate qualitatively that the increase in reducing power 
from sodium to cesium is in accord with decrease in ionization poten¬ 
tial augmented by decrease in sublimation energy, the decrease in 
hydrational energy being insufficient to overcome the combined effects 
of the other two. The apparently anomalously high oxidation poten¬ 
tial for lithium, however, is due to the fact that the very large energy 
of hydration associated with the small lithium ion completely over¬ 
balances the increased energy input due to larger values of sublimation 
and ionization energies. In contact with aqueous solutions, there¬ 
fore, lithium is as strong a reducing agent as cesium. In the absence 
of water, it is not. It should be pointed out that exact calculations 
based upon free energy and entropy changes do yield potential values 
in good agreement with the experimental values for these elements. 

Equation 8-10 indicates decreased oxidizing power of a non-met^ 
to be favored by high dissociation energy, low electron affinity, an 
low energy of hydration of the negative ion. Trends in the a ogen 
family may be indicated qualitatively by the following summary. 


iX,(8)^X(g) 

X(g; + e-(g) ^ X-{*) 
X-(g) ^ X-(aq) 

JXifg) + «'(k) X-(*q) 


F Cl 

32 2 kcftl. 28 9 kcnl. 

-98 5 -92 5 

-117 

-lai 3 -148 6 


20.9 kcal. 25.4kcftl. 

-87.1 -79.2 

-78 

-138.2 -121 8 


Decrease in oxidizing power among the halogens with increas’ g 

atomic weiKht is due primarily to decrease in hydrational ^ ' 

bined with decrea.se in electron affinity, the changes m dissociation 

energy being insignificant by comparison. theoretical 

More complicated half-reactions may also be reduced . 

steps but the energy quantities associated with such steps 

. w M. Utimer: r/. Oxzrfotion of U. -nd Tkar PoU.iiols m 

Aqueout SoUMom, pp. 283-285. Prcntice-Hall. New York (1938). 
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and are incapable of evaluation in most instances. For other details, 
Latimer’s book should be consulted.* 


Applications of oxidation potential data 

Use of oxidation potential data permits quantitative treatment of 
oxidation-reduction processes. A few general applications may be 
considered at this point to provide the necessary background for the 
specific uses discussed in subsequent chapters (particularly in Part II). 

Reaction Predictions. In general, the oxidized form in any couple 
will oxidize the reduced form in any couple of higher positive potential. 
Thus, having given 

HjS 2H’*' + S + 2e~ ^,8 = —0.141 volt 

and 

2Cr+* + 7HaO CrjO;-* + 14H+ -f- 6e“ -1.36 volts 


one would predict (and correctly) that dichromate will oxidize hydro¬ 
gen sulfide in acidic solution, the complete equation for the process 
being the summation of the two given. The same considerations 
would apply to other similar combinations. 


Predictions of this sort, although useful, are sometimes more theo¬ 
retical than practical in character. Oxidation potentials measure 
energy differences only and bear no relation to reaction kinetics. 
Many reactions which are energetically possible are not actually 
observed because they proceed too slowly to be followed. Thus direct 
reductions of many cations (e.g., Cu+®) with hydrogen gas which might 
be expected from potential data are not observed because of unfavor¬ 
able kinetics. Certain other reactions which appear to be energetically 
possible are not observed because of unfavorable mechanisms. Thus 
although direct oxidation of iron(0) to iron(III) has a standard poten¬ 
tial of -1-0.04, the reaction between iron and hydrogen ion always 
yields iron(II) rather than iron(III) (p. 290). 0.xidation to iron(II) 

occurs preferentially (£?„ = +0.440 volt), and iron(II) cannot then 
be oxidized further by hydrogen ion. 

Strictly speaking, oxidation potential values refer only to equilibrium 

yrsteiM, and many reactions are encountered in which such conditions 

do not exist. Although potential data are useful in predicting reac¬ 
tions, they must be employed judiciously 

ComWna/fons of Half-Reactions. The method of evaluating a poten- 
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If the combination of two half-reactions results in a completed 
reaction, the half-reaction potentials are additive algebraically. 
Thus, if it is desired to combine 


Cu ^ Cu+* -H 2c- = -0.345 volt 


with 


to give 


A1 A1+* + 3c- = -1-1.67 volts 


2A1 + 3Cu+» ^ 2A1+* -H 3Cu 


by subtraction of the first from the second, the potential is determined 
to be +2.015 volts.* Combinations of this type are of particular 
importance in considerations involving voltaic cells. If the calculated 
potential has a positive value, the reaction will proceed from left to 
right as shown in the equation. If the potential has a negative value, 
the reaction will proceed spontaneously in the reverse direction unless 
the quantity of energy indicated by the potential is supplied from an 
external source. 

If the combination of two half-reactions yields a third half-reaction, 
the free energy changes characterizing the reactions, not the potentials, 
are additive. The final oxidation potential characterizing the third 
half-reaction must then be calculated from the free energy change so 
obtained. Change in standard free energy (AF5 ,j) is related to the 
standard potential as 

where n is the number of electrons involved in the half-reaction and 3^ 
is the Faraday constant (23,066 cal. per volt, since free energy changes 
are commonly expressed in calories). In the majority of calculations, 
complete numerical evaluation of free energy changes is unnecessaix 
for the Faraday constant may be carried along as such and cance e 
at the end. Thus combination of 

Mn+> + 2H,0 ^ MnO. + 4H+ + 2e- £S., = -1-28 volta 


with 


Mn+’ ^ Mn+> + c’ = -1-51 volU 


• AlthoiiRh it is necessary to balance the chenfiical quantities in 
and to equalize the electron loss and gain, no such adjustment « 
potential values. l*otentiaI values measure eases of leases of certain 

atom or ion and are independent of the total number XtLl by 

Zecies present. In the example cited, combination could have ®5®™ J 
r^eSng the first reaction and adding. Turning an ion^lectron equation around 

reverses the sign of its potential. 
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by subtraction of the second from the first, yields 

Mn+> + 2HjO MnOa + 4H+ + c" 

for the Mn(III)-Mn(IV) couple. The corresponding changes in free 
energy amount to 

Mn(II)-Mn(IV) = -(2)(-1.28)(ff) = 2.56ff 

Mn(n)-Mn(m) AF5„ = -(l)(-1.51)(ff) = 1.51JF 

from which for Mn(IH)-Mn(IV) becomes +1055. Since for 
the third couple n = 1, 

= -1.05 volts ' 

Other combinations would be handled similarly. 

Evaluation of Equilibrium Constants. The standard free energy 
change (AF°) in a reaction may be expressed either by Equation 8T1 
or by the expression 

^F° = -RT\nK (812) 

where K is the equilibrium constant for the reaction, activities being 
employed. Equating Equations 8*11 and 8*12, converting to common 
logarithms, and solving gives 

"" 1303/2r 

Introduction of values for R and ff and evaluation at 298®K reduces 
Equation 8*13 to 

log Ktn = 16.92n£:5„ (814) 

Equation 8*14 then provides a means of evaluating an equilibrium 
constant from a standard potential or of evaluating a potential from 
an equilibrium constant. 

The utility of Equation 8*14 may be made more apparent by its 
application to some specific reactions. Thus the calculated potential 
(at 298°K) for the reaction expressed by the completed equation 

Cd + 2Ag+ ^ Cd+» + 2Ag 
is + 1,2015 volts. Hence, 

log Ktn = log ac 4 *i/a*,+* = 16.92 X 2 X 1.2015 = 40.66 
from which 


Kut * ac 4 *t/aA,** » 4.6 X 10« 
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The magnitude of the equilibrium constant is such that for all practical 
purposes the reaction is displaced completely to cadmium ion and 
silver. 

By way of contrast, consider 

Hg -h = +0.056 volt 

for which 

log Kj,, = log = 16.92 X 2 X 0.056 = 1.895 

or 

Kiit ~ — 79 

Here, at equilibrium, the activity (in effect the concentration) of the 
mercury(I) ion is only 79 times that of the mercury (II) ion. As a 
consequence, the addition of any material (e.g., sulfide ion, hydroxyl 
ion, and ammonia and chloride ion) which forms a mercury(II) com¬ 
pound which is much less soluble than the corresponding mercury(I) 
compound will convert mercury(I) to mercury(O) and mercury(II) 
(pp. 853-855). 

Specific types of equilibrium constants such as instability constants 
and solubility product constants can be evaluated in the same general 
manner. As an illustration, consider the evaluation of the solubility 
product constant for silver bromide at 25‘’C. The half-reactions 

Br^ + Ag ^ AgBr + = —0.073 volt 

and 

Ag ^ Ag+ + e- El,, = -0.7995 volt 

may be combined algebraically to give 

Ag'*' + Br“ ;=i AgBr El,, = +0.7265 volt 

for which 

log ^ = 16.92 X 0.7265 = 12.292 
or 

Ktn = 5.1 X 10-“ 

Other examples may be handled in similar fashions. 

SlabUization of Oxidation States. In the preceding chapter 
the coordination compounds discussed contained tripositive 
That this is not a stable oxidation state in simple cobalt compounds 

shown by the half-reaction 

Co«(aq) - Co+"(aq) + e" S?,. = -1 842 volts 
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the large negative potential indicating that simple cobalt(III) ion is 
capable of oxidizing not only many common anions but water as well. 
However, in the presence of many coordinating groups, cobalt(lll) 
compounds often form at the expense of cobalt(II) compounds. 
Correspondingly, the raanganese(III) ion is such a powerful oxidizing 
agent that its soluble salts are incapable of existence in contact 
with water, whereas such complexes as hexacyanomanganate(III), 
[Mn(CN)6]“*, are stable and easy to prepare. Such a compound as 
copper(II) iodide or hypophosphite cannot be obtained because of the 
reducing power of the anion, but bis(ethylenediamine)copper(II) salts 
containing these anions show no evidences of reduction of the copper. 
By the same token, although simple copper(I) salts containing oxi¬ 
dizing anions such as nitrate cannot be prepared, coordination of the 
copper(I) ion \vith acetonitrile renders them stable. Silver(II) is 
known for its powerful oxidizing properties, yet coordination with 
pyridine markedly decreases this oxidizing power, and a number of 
comparatively stable tetrapyridinesilver(II) compounds have been 
prepared. These and many similar examples where coordination has 
markedly altered the oxidizing or reducing power of a metal ion have 
been discussed in considerable detail by various authors. 

Many examples of elements in apparently unusual oxidation states 
in difficulty soluble compounds are also known. Thus cobalt(III) 
hydroxide is readily obtained by air or peroxide oxidation of the 
cobalt(II) compound. Manganese(III) orthophosphate is precipi¬ 
tated after oxidation of mangane8e(n) with nitric acid in the presence 
,pf phosphate even though nitric acid is not ordinarily a sufficiently 
powerful oxidant to effect the manganese(II)-manganese(III) con¬ 
version. The same factors apparently account also for the fact that 
the ease mth which metals can be oxidized to even common oxidation 
states increases if an aninn is present to precipitate the product. 

The extents to which oxidation states can be stabilized due to the 
formation of complexes or difficultly soluble compounds may be meas¬ 
ured in terms of the magnitudes of appropriate oxidation potentiaU 
Unfortunately, oxidation potential data are available only for com¬ 
paratively few systems. Some of the values which are available* for 
various systems are summarized in Tables 8-4, 8-5, and 8-6. For 
comparison in each series, the standard potential for the simple couple 


PP* Inorganic ChcmUtry, 

pp. 161 163. D. Van Nostrand Co., New York (1938) ^ 

M. J. ^pley. L. S Foster, Md J. C. Bailer, Jr.: Chcox. Rev,., SO, 227 (1942) 
^ A, Bluchard: J. Ckem. Education, SO, 454 (1943). 

J. C, BaiUr, Jr.: /. Chem. Education, SI, 523 (1944). 
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in acid solution is included. These are values for systems free of 
complexing or precipitating groups. Use of the term aq in association 
with metal ions in half-reactions for these couples is dictated by lack 
of knowledge as to the degrees of hydration of the various species. 


TABLE 8 4 

Oxidation Potentials for Cobalt and Iron Couples 


Couple 

I Half-Reaction 

E^„, volte 

Co(0)-Co(ll) 

Co + xH,0 ^ Co*»(aq) + 2e' 

+0.277 


Co + 6NH,(aq) (Co(NH,),l** + 2e- 

+0.422 


Co + CO»-> CoCO, + 2e- 

+0 632 


Co + 20H- ^ Co{OH), + 2e- 

+0.73 


Co +S-*^ CoSO) + 2c- 

+1.07 

Co(II)-Co(III) 

Co-»*(aq) Co*»(aq) + «" 

-1.842 

1 

Co(OH), -1- OH- Co(OH), + c" 

-0.2 

1 

1 

(Co(NH,),)+* ICo(NH,),l*» + 

-0.1 


(Co(CN),l-* ^ lCo(CN).l-* + e- 

+0.83 

Fe(0)-Fe(H) 

Fe + iH,0 ^ Fe"^*(aq) + 2«- 

+0.440 


Fc + CO,-» ;=! FeCOi + 2e‘ 

+0.755 


Fe + 20H- Fe(OH), + 2c- 

+0.877 


Fe + S-* FeS + 2c- 

+ 1.00 


Fe + 6CN- ^ (Fe(CN)*l-« + 2c- 

ca. +1-5 

Fe(Il)-Fe(III) 

Fe**(aq) ;=; Fe-**(aq) + er 

-0.771 


2FeS 4- S-* Fe,Si + 2e- 

+0.7 


Fe(OH), + CH- ;=t Fe{OH), + c" 

+0.66 


Fe+> + 6F- IFeF,)-* + c- 

> —0.4 

A Afl 


(Fe(CN),)-*^ IFefCN).)-* + «" 

—0.36 

1 t 


IFe(dipy),)** (Fefdipy),)** + e" 

ca. —1.1 

1 1 ^ 


(Fe(ophen).P* ^ (Fe(ophen)il*» + 

— 1.14 


IFe(NOropheD)i)** ^ IFe(NOr-ophen)i)** + <" 

— 1 . aO 


dipy “dipyridyl, ophcn —orthophenanthroline, NOt-ophen -nitro-orthophcn 
antbrolioe. 


Data summarized in Table 8*4 indicate clearly that oxidation of 

cobalt(O) to cobalt(n) is much easier to effect in the ° 

cipitating or complexing groups than in their absence. These erenc 
are even more striking with the cobalt(II)-cobaIt(III) couples. Addi¬ 
tion of either hydroxyl ion or ammonia so reduces the . 

A>f cobalt(III) that oxidation to the tripositive state may be e ec ^ 

with atmospheric oxygen (for HjO 2H+ + MOs + > 

— 1 229 volts). In the presence of cyanide, stabihzation ^ 
nounced that the cobaltdl) compound is oxidized by water and has 
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stable existence in aqueous solution. Among the iron(II)-iron(III) 
couples listed, examples of the stabilization of both oxidation states 
appear, but as with cobalt the oxidation of elemental iron is uniformly 
easier in the presence of groups which precipitate or complex the oxida¬ 
tion product than in their absence. 


TABLE 8-5 

Oxidation Potentials roa Coppeb Couples 


Couple 

Half-Reaction 

J?S„, volts 

Cu(0)-Cu(I) 

Cu + zHtO ^ Cu‘''(aq) + «“ 

-0.622 


Cu + 2C1*“ ^ (CuCIjI” ^ 

-0.19 


Cu 4" Cl“ ^ CuCl + 

-0.124 


Cu + 2Br“ ^ (CuBri)" + t~ 

-0.05 


Cu + Br“ ^ CuBr + e~ 

-0.03 


Cu 4* 21“ ^ (Culi)“ 4“ 

0.00 


Cu 4- 2NH, ^ ICu(NH,),l+ + e" 

4-0.11 


Cu + I” 5^ Cul + c~ 

4-0.19 


Cu 4- SCN- zs CuSCN 4- e" 

ca. 4*0.27 


2Cu 4- 20H“ ^ CuiO 4- H,0 4- 2<“ 

4-0.361 


Cu 4- 2CN- ^ ICu(CN),l- 4- e“ 

ca. 4-0.43 


2Cu 4- 8“* ^ Cu,S 4- 2e- 

4*0.95 

Cu(0)-Cu(II) 

Cu 4* *H*0 Cu''’*(sq) 4- 2e“ 

-0.3448 


Cu 4- CO,-» CuCOi 4- 2e- 

-0.053 


Cu 4- 4NH, ^ (Cu(NH,),r* 4- 2e- 

4-0.05 


Cu 4- 20H“ ^ Ou{OH), 4- 2«“ 

4*0.224 


Cu 4- S-* ri CuS 4- 2 «- 

4-0.76 

Cu(i)-Cu(n) 

Cu'*‘(aq) Cu+*(aq) 4- e~ 

-0.167 


CuCl ;=t Cu+* 4- Cl- 4- e“ 

-0.568 


CuBr ^ Cu+* 4* Br“ 4- e“ 

-0.657 


Cul ^ Cu+» 4-1- 4- e- 

-0.877 


fCu(CN),l“ Cu+*(aq) 4- 2CN- 4- «" 

ca. -1.12 


lCu(NH,),l+ 4- 2NH, ^ ICufNH,),^* 4- e" 

0.0 


Cu,S 4- S“* 2CuS 4- 2e“ 

4-0.58 


Data in Tables 8-5 and 8*6 indicate the same trends for oxidation 
of copper(0) and 8ilvep(0), respectively. It foUows that in any of 
these series conversion of one oxidation product to another in a reac¬ 
tion characterized by a higher positive potential will occur readily, but 
the reverse conversions can be effected only in those cases where the 
oration potential values are sufficiently close to each other to permit 
sufficient alterations by concentration (activity) control 
These and other oxidation state stabiUzations probably cannot bo 
reduced to a common simple explanation. However, some general 
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insight into the effects of precipitation and complex formation on 
oxidation potential values can be gained by a consideration of activity 
(concentration) effects as indicated by Equation 8'4. It is apparent 
that reduction in activities (concentrations) of the products in any 
given couple without corresponding reductions in the activities of the 
reactants will correct the standard potential in a positive direction to 
a new value. Correspondingly, reductions in activities (concentra¬ 
tions) of the reactants without balancing alterations for the products 
will render the true potential more negative than the standard value. 


TABLE 8-6 

Oxidation Potentiai.s for Aq(0)-Ao(I) Couples 
Half-Reaction 

Ag -I- tH,0 ^ Ag^faq) + e ~ 

2Ag + SO 4 -* ^ Ag,SO, + 2e- 
Ag -h C,H,0,- =: AgC,H,0, + e" 

Ag 4- NO,- ^ AgNO, + e- 
.Ag + BrO," ^ AgBrO, + e ~ 

2Ag + C,Or* Ag,C,04 + 2e- 
2Ag + COr* ^ Ag,CO, + 2e- 
2Ag -h Cr04-* .AgjCrO, + 2«- 
.\g + 2NH, lAg(NH,),l* -I- e- 
.\g -I- 10 ,“ ^ Agio, -I- e ~ 

2.\g -t- 20H- Ag,0 + H,0 + 2t' 

Ag + Cl- ^ AgCl -I- e- 

4Ag -I- Fe(CN),-«^ Ag 4 Fe(CN), + 4<- 

Ag + SCN- = AgSCN -I- e- 
Ag + Br- ^ AgBr -|- e ~ 

Ag + 2S,0,-* ^ [Ag(S,0,),)-* + e - 
Ag 4- CN- AgCN + 

Ag 4- 1“ ^ Agl 4- «■ 

Ag + 2CN- (Ag{CN),l- 4- 
2Ag -I- S”* ^ AgiS 4 - 2«- 


volts 
-0.7995 
-0,65 
-0.64 
-0 59 
-0.55 
-0.47 
-0.46 
-0.45 
-0.37 
-0.37 
-0.344 
- 0.222 
-0.19 
-0.09 
-0.073 
- 0.01 
4-0.04 
4-0.15 
4-0.29 
4-0.71 


Both precipitation and complex ion formation effect r^uctions in 
ion activities. For a given couple, a given reagent seldom if ever 
causes the same reduction in activities for both o.xidation s a e . 
it is assumed, therefore, that any couple containing a precipi a 
complex ion is only a variation of the simple couple ■■"'“'''‘"B 
ionsf then its potential may be regarded aa a 

upon the standard potential of the simple reaction. „„rovima- 

aLittedly not completely valid, but it servea aa 

tion. The direction in which this correction ^ ^ 

Ihe potential for the second couple, will then -"^v^g rtuf o^ 
of the precipitating or complexing agent in reraovi g 

product ions. 
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To illustrate, consider the couples 

Co'^*(aq) ^ Co‘*'’(aq) + e~ = —1.842 volts 

and 

[Co(NHj) 6]+2 — [Co(NH,)«]+> + c- A'S.a = -0.1 volt 

Here the actual potential for the second couple may be related roughly 
to that of the first as 


E = -1.842 - 


0.059 

1 


log Ocu't/ flco** 


(815) 


The fact that the potential for the second couple is inucli less negative 
than that for the first would be interpreted in terms of Kquation 815 
as being due to a reduction in the activity of the col5alt(III) ion without 
corresponding alteration in that for the cobaltfll) ion. This is in 
agreement with experimental observation that hexamminecobalt{III) 
ion is very much less dissociated into its components than is its 
cobalt(II) analog. 

Similar considerations may be applied to other reactions of the 
types summarized in Tables 8-4, 8-5, and 8-6. Thus oxidation of 
copper(I) to copper(II) in the presence of chloride ion is more difficult 
to effect than in the case of the aqueous ions alone because of the 
insolubility of copper{I) chloride and consequent reduction in the 
activity (concentration) of copper(I) ion. On the other hand, in the 
presence of sulfide ion, the reverse is true because the copperfU) com¬ 
pound is less soluble than the copper(I) compound. Furthermore, in 
Table 8-6, the potentials as arranged in order of increasing positive 

character indicate a parallel decrease in activity (concentration) of 
Silver lOQ. 


Such considerations are essentially approximate in character but 
they are useful m describing trends among a series of related materials 
For convenience m these and other approximations, concentrations 
may be employed instead of activities. 


S. Glasstoac: 
(1948). 
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CHAPTER 9 


Acids and Bases 

Few subjects in chemistry have excited more interest and more 
resultant controversy than the subjects of acids and bases. Although 
the terms add and base are so common in chemical parlance as to be 
acceptable almost without question or definition under most circum¬ 
stances, more careful consideration will show how indefinite they have 
become in much of our thinking. One may well ask what is an acid or 
what is a base? These questions have usually been answered in 
terms of one or more of several theoretical approaches, but, funda¬ 
mentally, they should be answered in terms of the satisfaction of certain 
experimental facts. Thus, we have come to regard acids and bases as 
mutual opposites which in general lose their defining properties when 
brought in contact with each other. Acids have been characterized 
by their tastes, by their effects upon indicators, and by their catalytic 
effects upon certain reactions. Such properties must be satisfactorily 
accounted for by any theoretical concept of acid constitutions. No 
theory which has been advanced or is likely to be advanced is i^tu 
unless the experimental behaviors are considered, and much o e 
confusion and controversy which have resulted from the vane mo era 
approaches to acid-base behavior disappear when these approaches 

are considered from the factual point of view. noints 

The trend toward experimental justification of theoretical po.nte 

of view is emphasized by Lewis, ‘ who has listed the f.illowing p e 

nological criteria of acid-base behavior: 

1. “When an acid and a base can combine, the process of combina- 

tion, or neutralization, is a rapid one. 

2. “An acid or a base will replace a weaker acid 

“r” Adi and bases may be titrated against one another by the use 
of substances, usually colored, known ^ rt in pro- 

4 “ Both acids and bases play an extremely imp „ 

moling chemical processes through their action as catalysta. 

1 G. N. Lewis; J. Franklin Inel., 2S6, 293 (1938). 

S 06 
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Such criteria as these should be used in the evaluation of the various 
approaches to be presented in this discussion. 

SIGNIFICANT DEVELOPMENTS IN THE HISTORY OF THE 

ACID-BASE CONCEPT 

It is instructive to preface modern acid-base concepts with a brief 
review of some of the more important developments which have led 
to them. These developments illustrate significant changes in think¬ 
ing which have been brought about by changes in the understanding 
of chemical principles. This general subject has been ably discus-sed 
in great detail by Walden.* 

There is evidence that certain salts were recognized in the thirteenth 
century, but the formulation of theories about acids and bases was 
slow through the alchemical periods of the thirteenth to seventeenth 
centuries. It remained for Boyle in 1C80 to characterize acids as 
dissolving many substances, as precipitating sulfur from its solutions 
in alkalies, as changing blue plant dyes to red, and as losing all these 
properties on contact with alkalies. 

Concepts in the eighteenth century centered around sour taste, 
reaction with limestone, the turning of syrup of violet to red, and pro¬ 
duction of neutral materials with alkalies as characteristics of acids. 
These concepts culnxinated in 1787 with Lavoisier’s statement that 
acids are binary compounds, one element in which is oxygen and the 
other the basic principle. 

The acidifying character of oxygen was acceptable until Davy, in 
1811, upon analyzing muriatic acid could find no oxygen. His con¬ 
clusion that hydrogen represented the fundamental acidifying prin- 
ciple may be regarded as the forerunner of many of our present-day 
ide^ although It IS significant that in 1814 Davy stated further that 
acidity does not depend upon any one elementary substance but 
rather upon a peculiar combination of various substances. 

In spite of vigorous defense of the oxygen theory by many chemists 

of Da^ and certain of his contemporaries. Thus Gay-Lussac in 1814 
concluded that an acid was any body neutralizing alkalinity and that 
acids and bases could be defined only in terms of each otLr This 

father similar concept, must be 
re^rded as fundamental to much modern thought. 

18M hv f'eofy of acidity was advanced in 

1838 by Liebig, who regarded acids as compounds containing hydrogen 

(1^).’^“’'*“^ and Ba.«. McGraw-Hm Book Co., New York 
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which could be replaced by metals. The labile character of such 
hydrogen was acceptable as a criterion for acidity for many subsequent 
years, and Liebig’s rather clear insight into the properties of acids 
(especially organic acids) has become increasingly apparent. 

One other development should be cited to promote a clear apprecia¬ 
tion of modern concepts. The recognition by Faraday in 1834 that 
electrolytic conductance is due to charged particles (ions) and his 
characterization of acids, bases, and salts as electrolytes laid much 
of the foundation for later developments. 

SEMI-MODERN AND MODERN APPROACHES TO THE 

ACID-BASE CONCEPT 

Much that characterizes present-day views on acids and bases is 
traceable to the theory of electrolytic dissociation proposed in 1884 
by Arrhenius and developed later by Ostwald. Modern concepts have 
grown in scope from those following directly from the Arrhenius theory 
to embrace more and more types of materials as acids and bases.* 
This is apparent in the discussion which follows, where the arrange¬ 
ment is chosen to emphasize this trend. 


The tvater-ion or Arrhenius concept 

On the basis of the Arrhenius theory, an acid is definable as any 
hydrogen-containing compound which yields hydrogen ^ 

solution and a base as any hydroxy compound which yields hydrW 
ions in water solution. The process of neutralization then amounts 
to the combination of hydrogen and hydroxyl ions 
This concept has been invaluable in elucidating 

of aqueous solutions, and most of our views on t ®^ crown 

of neutralization, hydrolysis, acid and base strength, . 
up around it. Although the approach is limited in sco^ 
definitions, it is still extremely useful and certainly s it often 

Irded as’some have suggested. With slight 
does more to clarify the behaviors of aqueous solutio 

the more complex views. quite 

Since the general implications of the ■. ^iA have been 
familiar, no expansion beyond the citing of object Ejections is 

raised to it need be given here. Senous “jrLy com- 

that basic and amphoteric characters are ‘ comparable to 

pounds, although many ions possess basic ^j^riLd among 

those of the hydroxyl ion, and amphotensm is hydroxides, 

many oxides, sulfides, halides, etc., as well as among y 

1 N. F. Hall: J. Chem. Education, 17, 124 (1940). 
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Perhaps an equally serious objection involves the limitation of the 
neutralization process to reactions occurring in aqueous solutions, 
although reactions involving salt formation occur in many other 
solvents and even in the absence of solvent. The objection that hydro¬ 
gen ions cannot exist as such in aqueous solutions because of their high 
hydrational energy (ca. 250 kcal. per mole) cannot be regarded as 
serious, for the theory is sufficiently flexible to admit the hydrated 
hydrogen ion as the acidifying principle. Nor can the limitation of 
acid strength to a function of the solvent water be considered too 
serious a defect since acids are most often compared in aqueous solu¬ 
tion. The approach is necessarily a limited one but thoroughly useful 
within its limitations. 


The protonic concept 

As a logical extension of the water-ion theory, the protonic concept 
of acidity was advanced nearly simultaneously by Br0nsted^ and 
Lowry* in 1923. Inasmuch as the treatment given by Br0nsted is the 
more comprehensive and inasmuch as Lowry has done but little by 

comparison to extend the theory, the theory usually bears Br0n8ted’s 
name. 

In terms of this approach, acids and bases are characterized and 
interrelated by the equation 


acid (A) ^ base (B) + proton (H+) 


(9*1) 


It follows then that an acid is any hydrogen-containing molecule or ion 
which is capable of releasing a proton (i.e., of acting as a proton donor) 
whereas a base is any molecule or ion which is capable of combining 
with a proton (i.e., of acting as a proton acceptor), By definition 
acids and bases are thus made independent of a solvent and bear no 
relationship to salts. Salts are to be regarded as mere aggregations 
of positive and negative ions which may be only indirectly related to 
acids and bases. It is implied further that materials may be inherently 
acidic or basic without necessarily exhibiting the property. 

Although a material can be inherently an acid, it can function as 
^ch only when it is m contact with some base other than that derived 
directly from Itself through the loss of a proton. Similarly, an inher- 

in cL^rt° base only when brought 

m contact mth some proton donor. In practice, therefore, acid-bL 

reactions reduce fundamentally to competitions for protons expressi- 

Rtc. (TOP. chim., 4S. 718 (1923). 

T. M. Lowry; Ckcm. and Ind., 42, 43 (1923); Tran,. Faraday Sac., 20,13 (1924). 
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ble as equilibria of the type 

acidi + basei ^ acidj + basei 


(9-2) 


such equilibria being displaced in the direction of the weaker acid and 
base. In such an equilibrium, 6asci may be regarded as derived from 
acidi by the loss of a proton by the latter, and it is called the corre¬ 
sponding or conjugate base of that acid. It follows that in like fashion 
one may refer to the conjugate acid of some particular base. These 
equilibria indicate further that neutralization as defined in terras of 
salt formation has no place in this theory. One can, however, con¬ 
veniently consider the transfer of a proton from an acid to a base as 
amounting to a neutralization process. 

Acids and Bases in Aqueous Solutions. The Brpnsted-Lowry con¬ 
cept has proved particularly advantageous in the treatment of aqueous 
solutions. In a measure, this success is due to recognition of the 
dualistic role played by water in acid-base processes. Thus water 
can function as an acid in the presence of bases stronger than itself. 
This is exemplified by its donation of protons to such bases as ammonia 
and the carbonate ion as 

\UO + NH,^NH4+ + OH- 


HjO + COr^ HCO,- + OH- 

Furthermore, water can function as a base in the presence of acids 
stronger than itself. This is exemplified by its acceptance of proton 
from such acids as hydrogen chloride, the acid sulfate ion, and the 

hydrated aluminum ion as 

HCI + + Cl" 

HSOr + HjO ^ H 3 O+ + SOr* 

AKHjO)/’ + H 2 O ^ HjO-*- + A1(H20 ),_i(0H)+* 

In terms of such behavior, the acids characteristic of the water-ion 
approach are readily systematized, and the role of water as an ac.d 

base solvent becomes apparent. mnlpcular 

It follows that in water solutions acids and bases m y ^ 

cationic, or anionic in character, nrde-la^ac.d »d^the am 
bases being the commonest representatives. T g 

generalization and the consequent systematic edification of a „ge 
number of otherwise apparently matenaU mpresentjr^^y 

important contributions of the protoriic ^heo y. 

approach is indicated by the typical acids and bases listed in Table 
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In addition to broadening the scope of acid-base relationships in 
aqueous solutions by pointing out the acidic and basic properties of a 
variety of materials, the protonic concept is perhaps most useful in 
accounting logically for the hydrolysis of salt solutions. When a salt 
is dissolved in water, an unbalance in the concentrations of solvent 
cation (H3O+) and anion (OH-) will result if the salt cation and anion 
differ in their proton donor and acceptor properties toward water. 
Thus a solution of ammonium chloride has a pH somewhat less than 7 
because the proton donor ability of the ammonium ion exceeds the 
proton acceptor ability of the chloride ion, and a measurable excess of 
hydronium ions appears in the solution. Correspondingly, a solution 
of sodium carbonate is alkaline in character because the carbonate ion 

TABLE 91 

Br0NSTED ActDS AND BaSES IN AqUEOUS SOLUTION 


Type 

Typical Acids 

Typical Bases 

Molecular 

HI, HBr, HCl, HF, 

NH,, N,H*, NHiOH, 


HNO,, H,SO,. HCIO 4 , 

aliphatic amines, 


H,PO«, H,S, H,0 

aromatic amines, HjO 

Cationic 

A1(H,0),*», NH,+ 

A1(H,0).-,(0H)*», 


Fe(H,0),-^». Cu(H,0).+* 

Cu(H,0)._,(OH)* 

Anionic 

HSO4-. H2PO4-, iicor, 

I-, Br-. C1-, F-, 


HS- 

HSO 4 -, SO«-*, HP04-*. 

CN- Hcor, cor‘, oh-, 0 -* 


shows proton acceptor tendencies exceeding the proton donor prop¬ 
erties of the hydrated sodium ion. On the other hand, a solution of 
aluminum chloride reacts acidic because the hydrated aluminum ion 
shows marked proton donor characteristics whereas the chloride ion is 
too weak a base to accept protons from water to a significant extent. 
Such a salt as sodium chloride yields an essentially neutral solution 
because neither ion shows acidic or basic tendencies toward water. 
The comparative proton donor abilities of hydrated cations and further 
information useful to the understanding of salt hydrolysis will be 
presented later in conjunction with a discussion of acid and base 
strengths (pp. 314-315; 321). 

Acids and Bases in Non-aqueous Solutions. The versatility of the 
protonic approach is demonstrated by its ready extension to relation¬ 
ships in non-aqueous solvents. Acidic and basic properties of solutes 
are markedly influenced by the relative proton donor and acceptor 
properties of the solvent itself. On the basis of such characteristics 

a number of types of solvents are distinguishable,* the most important 
of which’ are summarized in Table 9*2. 

• J. N. Br0n8ted: Ber., 61, 2049 (1928). 

’ N. F. Hall: Chem. Revs., 8, 191 (1931). 
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TABLE 92 

Types of Protonic Solvents 

Solvent Type Characteristics Examples 

Acidic tendency to release protons HF, HjSO*, CHjCOOH, HCOOH, 

HCN. C,H,OH 

Basic tendency to accept protons NH,, NjH4, NHiOH, amines 

Amphiprotic tendency either to release or HiO, alcohols 

to accept protons 

Aprotic tendency neither to release nor C«H#, CHC1», C|H*C1* 

to accept protons 

The effect of solvent type upon the acid-base character of the solute 
may be profound. Thus urea behaves as an acid when dissolved in 
liquid ammonia (a basic solvent) but as a strong base in anhydrous 
formic acid (an acidic solvent). The reactions occurring can be 
formulated as 





NH«+ 


NHj 

/ 

HCOOH + CO 

\ 

NHj 

ftcitj b^c 


NH,+ 

/ 

;=;HCOO- +CO 

\ 

NHj 

bue Bcid 


Correspondingly, to cite another example, the material which we call 
nitric acid on the basis of its properties in aqueous solutions appar¬ 
ently behaves as a proton acceptor in licjuid hydrogen fluoride, 

HNOa + HF HiNO,+ + F* 


As a general rule, materials which are weakly basic in the amp 
solvent water become more strongly basic in highly acidic solvents 
such as acetic and formic acids, and are often titratable therein. or 
respofidingly, acidic strength is enhanced in a basic solvent. 

TU &tTmgih8 of Acids and Bases. Several non-defimtive ^eferen 
have been made to acid strength and to base strength. ^ ^ P“ ^ 
qualitative fashion, one can say that acid strength is measure 

•J. H. Simons; CA<m. 8 , 213 (1931). o-jr? m02S1 

• N. F. Hall and T. H. Werner; 7. Am. Chem. Soc., 60, M 
J. B. C^nant and T. H. Werner; J. Am. Chem. Soc., 62, 

» N. F. Hall; J. Am. Chem. Soc., 62, 5115 (193()). 

»«L. P. Hammett and N. Diet*; J. Am. Chem. Soc., 62, 4/95 (193U). 

‘*L. P. Ilamniett: Chem. Revs., 13, 61 (1933). 
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extent to which protons are released and base strength by the extent 
to which they are accepted. One can point out further that the con¬ 
jugate base of a strong acid is necessarily weak and of a weak acid 
necessarily strong. In a more quantitative fashion, however, strengths 
should be expressed in terms of the equilibrium constants for liquation 
9'1, that is, for acid strength by 

A'a = (9'3) 

and for base strength by 

Ab = aA/a^aa*, (9-4) 

where the appropriate activities (p. 285) are designated by a*8. 

As has been shown, however, such simple equilibria as indicated by 
Equation 9*1 are not attainable in practice, and the observed equilibria 
are always of the type indicated in Equation 9*2, that is, of the type 

Ai + Bj A} + Bi (9‘5) 

for which 

K = aA^BjoAfia, (9-6) 

Such equilibria as these can be used for the evaluation of relative acid 
and base strengtlis in a series of materials if one acid-base pair is 
common to all the equilibria. For comparisons in water solution, 
such a condition is maintained, and one may write 

A + H,0 ^ H,0+ + B (97) 

for which 

K ** uh,o+ • ne/nAURio (9’8) 

Since the activity of the water in dilute solutions may be regarded as 

constant, we then have, employing a new constant which includes the 
activity of the water, 

A* = Uiigo*’ ■ Us/nA (9’9) 

and 

Ab = Ua/UhiO^B (9*10) 

where the magnitudes of K/ and K^' indicate the strengths of the 
acid A and the base B, respectively* 

Inasmuch as it is quite impossible to evaluate accurately (if at all) 
the activities of the materials involved in such equilibria, the charac¬ 
teristic constants (fc/ and k^') usually given are based upon concentra- 
lOM rather than activities. These constants are identical with the 

To*'®”® dilution. Sum¬ 

marized in Table 9-3 are constants (fc/) for a number of representative 
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Acid 


HCIO* 

HCI 

UNO, 

HSCN 

HiSO, 

H,0* 

HIO, 

H.P.Ot 

H.C,0« 

H»IO. 

HSOr 

H»SO, 

H,P,Or 

H,PO, 

HCIO, 

H,P04 

Fe(H,0).+* 

HiAsO, 

HrSeO, 

H,Te 

HF 

HNO, 

HCO,H 

H,Se 

HOCN 

Ct(H,0),^* 

HC,04- 

H,PO,- 

HN, 

HC,H,0, 

A1(H,0),-^* 

HTe- 

H,CO, 

H,P,07-* 

HtS 

H,N,0, 

hso,- 

HtPOr 
HOCl 
HP,Or* 
HCN 


TABLE 9-3 

Relative Strengths of Acids in Water Solution 


Conjugate Base 

-tA' 

pfc*' 

Temperature, ®C. 

ClOr 



¥ 

highly neg. 

4 4 

Cl- 

~ 10+^ 

^ -7 

25 

iNOr 



1 

neg. 

# a 

SCN- 



» 

neg. 

• ♦ 

HSO«- 


4 


neg. 

• 4 

H,0 


55 

.5 

-1 74 

25 

lor 

1.9 

X 

10-» 

0.72 

25 

H,P,Or 

1.4 

X 

10-« 

0.85 

25 

HCiO*- 

5.9 

X 

10-» 

1 23 

25 

HjPOr 

5 

X 

10-* 

1.30 

25 

lUiOr 

2 3 

X 

10"* 

1 64 

25 

so.-* 

2 

X 

10-* 

1 70 

18 

HSOr 

1.7 

X 

10-* 

1.77 

25 

H,p,0r* 

11 

X 

10-* 

1.96 

18 

H,POr 

1 

X 

10-* 

2 00 

25 

aor 


10 


2 

25 

H,POr 

7.5 

X 

10“* 1 

2.12 

18 

Fe(H,0)._,(0H)*» 

6.3 

X 

10-* 

2 20 

18 

H,A80«“ 

4.8 

X 

10-* 

2.32 

25 

HSeOr 

3 

X 

10-* 

2-52 

25 

HTe- 

2.3 

X 

10-* 

2.64 

25 

F- 

7.2 

X 

10-« 

3.14 

1 

25 

NO,- 

4 5 

X 

10-< 

3.35 

25 

HCO,- 

1.8 

X 

10-* 

3.74 

18 

HSe- 

1.7 

X 

10-* 

3.77 

25 

OCN- 

1.2 

X 

10-« 

3.92 

18 

Cr(H,0).-,(0H)+* 


10 

-4 

4 

25 

C,04-* 

6.4 

X 

10-‘ 

4.19 

25 

HPOr* 

2 

X 

10-‘ 

4.70 

25 

Nr 

1.9 

X 

10-* 

4.72 

25 

c,H,Or 

1.9 

X 

10-* 

4.72 

25 

AI(H,0),_,(0H)** 

1.3 

X 

10-‘ 

4.89 

18 

Te-* 

1 

X 

10-» 

5.00 

25 

1 H,IO.-» 

1 1 

X 

10-* 

6.00 

25 

ncf 

HCOr 

3.5 

X 

10-’ 

6.46 

25 

HP,Or» 

2.9 

X 

10-’ 

6.54 

18 

4 A 

HS- 

9.1 

X 

10-' 

7.04 

18 

HN,0,- 

9 

X 

10-' 

7.05 

25 

SOr* 

6.24 X 10-* 

7.20 

25 

4 0 

HPO 4 '* 

5.9 

X 

10-' 

7.23 

18 

10 

oci- 

3.7 

X 

10-' 

7.43 

18 

p,or‘ 

3 6 

X 

10-* 

8.44 

18 

CN- 

7 2 

X 

10'" 

9.14 

25 
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Acid 

Oonjugate Base 

1 

< 

1 

pfcA 

Temperature, *C. 

HAflO, 

AsOt“ 

6 X 10-'® 

! 9 22 ' 

25 

H,BO, 

H,BO,- 

5.8 X 10-‘® 

1 9 24 

25 

NH*+ 

NH, 

3.3 X 10"'® 

9.48 

18 

HSe- 

Se-* 

10-'® 

10 

25 

HCO,- 

cor* 

6 X 10-" 

10.22 

25 

HIO 

1 

0 

1 X 10-" 

11 00 

25 

HNiO," 

N,Or* 

1 X 10-“ 

11.00 , 

25 

H,0, 

HOr 

2 4 X 10-'* 

11 62 

25 

H,AlO, 

HiAIOr 

6,3 X 10-'* 

12.20 

25 

HPO«-* 

POr* 

3.6 X 10-'* 

12 44 

18 

Ca(H,0),^* 

Ca(H,0),.,(0H)* 

10-'* 

13 

25 

HS- 

S-* 

1.2 X 10-“ 

14.92 

18 

H,0 

OH- 

1 07 X 10-'* 

15.97 

18 

OH- 

0-* 

< io-»* 

> 36 

25 


acids. Given also are the negative logarithms, or pA:*' values. The 
latter are somewhat more useful for comparisons than the former. 

Although the relative strengths of many acids are clearly indicated 
by such data, an uncertainty appears for the strongest acids. This 
uncertainty is ascribable to the basic properties of the solvent, water. 
Really, the strength of no acid stronger than the hydronium ion can 
be evaluated in aqueous solution because of the immediate and quan¬ 
titative conversion of such an acid to hydronium ion. The same con¬ 
dition applies to bases, for the acidic properties of water are such that 
all bases stronger than the hydroxyl ion are immediately converted 
to that ion on contact with water. The net result is that all the strong¬ 
est acids appear to be of about the same strength in water solution, 
and, to a somewhat lesser extent, the same is true of the strongest 
bases. Water, therefore, may be regarded as exerting a leveling effect 
upon acid and base strength. In a similar fashion, any solvent with 
basic properties will level the strengths of acids, and any solvent with 
acidic properties will level the strengths of bases. 

Some indication, however, that the individual strengths of the very 
strong acids are manifested in sufficiently concentrated aqueous solu¬ 
tions is given in studies upon the catalytic effects of various acids 
upon the inversion of sucrose. The relative effects of several acids 
studied upon the rate of inversion, as shown in Figure 91, are indica¬ 
tive of increases in intrinsic strength in the series CClaCOiH, HNO3, 
HCl, HBr, HCIO4, in agreement with predicted trends {pp. 318-321)! 

“ A. Hantzsch and A. Weisaberger: Z. phyaik. Chem., 126, 261 (1927). 
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A true evaluation of acid (or base) strength independent of the sol¬ 
vent is desirable. Whether universal strength scales applicable to 
any and all solvents and transferable from one solvent to another can 
ever be devised is questionable in view of the many complicating 
factors involved. However, a number of attempts to establish such 
scales through the use of solvents which exert little or no leveling 
effects have been made. Such solvents may be called differentiating 
in character since they tend to bring out inherent differences among 
materials. 



I 1 _L 

1 2 4 


Acid normality 


Fia. 9-1. Relative strengths of various acids in aqueous solution as shown by their 

efficiencies in catalyzing the inversion of sucrose. 

Perhaps the most useful of the differentiating solvents are those 
which are aprotic, since they can impose no limitations upon aci^c 
or basic properties through tendencies toward proton loss or gain. 
In such solvents, acid-base systems can be established only throug 
the introduction of a second base or acid. For purposes of measure¬ 
ment and comparison, the second base or acid can conveniently e 
an indicator, and through the proper choice of indicators any esire 
range of acid or base strength can be investigated in the so ven in 

question. . 

Thus, if HA and B represent respectively some acid and one lorm 

of an indicator, the eejuilibrium 

HA -f-B^HB + A 

will be established between the acid and the indicator. For this 
equilibrium, 
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Chb Ca 
Cb Cqa 


(9*12) 


where the magnitude of K measures acidity and depends upon the 
comparative strengths of the two acids HA and HR, and concentrations 
(c) are employed. Since the two forms of the indicator, R and HB, 
possess different colors, adjustment of the relative amounts of HA 
and its conjugate base A to produce a given indicator color (i.e., a 
certain ratio of Chb to Cb) and an evaluation of the ratio of Ca to Cha 
should give a measure of the acid strength of HA as compared with 
the indicator. Repetition for a series of acids should then indicate the 
relative strengths of these acids. 

Such procedures have been rather extensively employed with the 
aprotic benzene as solvent. Brpnsted'^ determined the relative 
strengths of twenty-four acids (most of them organic) under these 
conditions and found the qualitative order of strength to be much the 
same as in water, with hydrogen chloride being the strongest acid 
investigated. Others’*- ” have extended these observations, and the 
entire general subject has been discussed in detail by Hall.’ 

Of particular importance in this connection are the measurements 
made by Hantzsch and Voigt’* of relative acid strength in chloroform 
and ether. Using equi-molar solutions of the dimethyl yellow salts 
of a number of acids, these investigators determined the dilutions (with 
solvent) necessary to cause the indicator to change color. At these 
dilutions, the reactions 


BH+X-^ B -h HX (913) 

Bali in< 1 icator aeid 

were assumed to be complete, with the amount of dilution necessary 
then being a measure of the stability of the dimethyl yellow salt, or 
the acid strength of HX. For a series of organic acids in dry chloro¬ 
form, relative dilutions varied from 1 for acetic acid to 95,000 for 
trichloroacetic acid, whereas in aqueous solution there is only an 
11,000-fold increase in dissociation constants between these two. 
Studies of the same series of acids in dry ether indicated less pro¬ 
nounced differences because of the enhanced basicity of the solvent. 

In moist chloroform, observed differences were also less because of the 
leveling effect of the water. 


’* J. N. Br0nBted: Ber., 61B, 2049 (1928). 

n V -A"*- Chem. Soc., 66 , 1840 (1933). 

V. K. LaMer and H. C. Downes: Chem. Rev$., 18, 47 (1933). 

’• A. Hantuch and W. Voigt; Ber., 628, 975 (1929). 
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Extension of these observations to the strongest inorganic acids 
indicated that m dry chloroform necessary dilutions were too high to 
be measurable significantly. However, under more basic conditions, 
for example, in moist chloroform or in a mixture of ether with chloro¬ 
form (dry or moist), significant and measurable differences were noted, 
wth apparent intrinsic strength decreasing in the series HC10«, HBr, 
HCl, HNOj. Although values for HI were not given, it is reasonable 
to assume that this acid would be stronger than HBr but weaker than 
HCIO 4 . 

A similar differentiation in acid strength results when a highly 
acidic solvent is employed. Thus in acetic acid, displacement of a 
reaction such as 

HX + HCiHjOz ^ HjCjH302+ + X- 

toward the ionic materials is a direct indication of the acid strength 
of the material HX since acetic acid is in itself very weakly basic. 

The general subject of strength among protonic acids has been 
discussed theoretically in an excellent paper by Hammett.** Appar¬ 
ently puzzling anomalies between acid strength as shown by indicator 
studies in non-ionic systems and by hydrogen ion activity determina¬ 
tions in ionic systems are rendered more logical when considered in 
relation to the relative dielectric constants (p. 339) of the media 
involved. Although comparisons of any type within a given solvent 
need not involve dielectric constant considerations, comparisons of 
acidities or basicities among several solvents should take into account 
differences in both solvent basicity and dielectric behavior. It is for 
this reason that the development of universal strength scales is 
questionable. 

Trends and Regularities in Strengths of Protonic Acids in Aqueous 
Solutions. The acids listed in Table 9-3 are of three general types, 
hydro acids (e.g., HCl, HjS, HS"), oxy acids (e.g., H 1 SO 4 , HCOr), 
or solvated ions (e.g., AUHjO),-*-*, Ca(H20),+*, NH4+). Consideration 
of the pkjf values tabulated and the general remarks made in the pr^ 
ceding section indicate the existence of important trends in aci ic 
strengths among these materials. 

Among the hydro acids characterizing the elements in any particu ar 
periodic family, there is a general increase in acid strength with increw- 
ing molecular weight or increasing size of the more electronegative 
element. This may seem contrary at first glance, to what is expected 
'since it is the reverse of changes in ionic character. Thus, m t e 
series H 20 -H 2 S-HiSe-H 2 Te the last compound is at the same time 

»•!*. P. Hammett: J. Am. Chem. Soc., 50, 2666 (1928). 


C/i. 9 


The Protonic Concept 


319 


the most strongly acidic and the least ionic. It must be recalled, 
however, that acid strength is measured by the ease with which a 
proton can be removed from the other material with which it is com¬ 
bined. The weakening of this bond due to increased size of the non- 
metal more than compensates for any decrease in ionic character and 
gives correspondingly increased acidity. On the other hand, in any 
horizontal series in the periodic system, acid strength increases with 
the electronegativity of the non-metal present. An example is the 
increase in the series HsN-HjO-HF. Here size changes are propor¬ 
tionally small and are without appreciable effects. 

Among the oxy acids, strength is again determined by both the 
electronegativity and the size of the central clement, although the 
first of these factors is commonly the more important. Such acids 
all contain the fundamental structure (X = any element) 

• • • • 

: X : 0 : H 

• • ■ • 

from which it is apparent that the more electronegative and the 
smaller the element X the more strongly electrons associated with 
oxygen will be pulled toward X and the more readily the proton can 
be removed by a suitable base. If X is a small, highly electronegative 
element (non-metal), acidic properties will result, but as the size of X 
increases and its electronegativity decreases, amphoteric behavior will 
appear and will be followed by completely basic character. According 
to Gallais,*® basic character predominates in such compounds when 
the electronegativity of X is less than 1.7, and acidic character pre¬ 
dominates when the electronegativity of X is greater than 1.7. It 
follows that, as the electronegativity departs more and more from 
this mean value, basic or acidic strength is enhanced. The presence 
of additional oxygens attached to X renders X smaller and more 
positive, thus increasing the acid strength of the compound. 

Some examples may be considered with profit. Thus ClOH is an 

acid, but NaOH gives strongly basic hydroxyl ions in solution. Both 

HjSOa and HjSeOj are acids, but the former is the stronger. In the 

series HC 10 -HC 10 rHC 10 r-HC 104 , acid strength increases markedly. 

All these effects are illustrated admirably among the oxygen-hydrogen 

compounds of certain transition metals. Thus the manganesefll) 

compound is basic, the manganese(IV) compound is amphoteric, and 

the manganese(VI) and manganese(VII) compounds are strongly 
acidic. ® 

F. Gallwa: BvU. «oc. ehtm. Prance [S], 14 , 426 (1947). 
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The strengths of individual oxy acids as measured by values 
show certain regularities. Pauling** points out that such stren^hs 
can be expressed by two rules: 


1. The magnitudes of the successive constants ki', kt, k% ‘ ' 

stand in the ratios 1:10”^: 10“*®. This generalization is quite gen¬ 
erally applicable, as shown by the data in Table 9*3. 

2. The magnitude of the first ionization constant {ki) is dependent 
upon the value of m in the formula XO«{OH)n. If m = 0, as in 
B(0H)3, the acid is very weak (fc/ ^ 10“’); if m = 1, the acid is weak 
(^*i' = 10“*); if m = 2, the acid is strong (fc/ = 10’); if m = 3, the acid 
is very strong (fc/ = 10*). Reference to Table 9-3 again shows the 
applicability of the generalization. 


These rules arc invaluable in giving qualitative indications of acid 
strengths in the absence of tabulations of k^ or pfcx' values. Paul¬ 
ing’s second rule is given in substance by the summary presented by 
Ricci.” 

Regularities in k/ values suggest that such constants might be cal¬ 
culated theoretically. In an important paper, Kossiakoff and Harker” 
calculated many constants very effectively by means of an approach 
based upon the assumptions that: 


1. The value of fcx' is determined by the free energy (p. 284) of 
transfer of a proton from an OH group to the surrounding water. 

2. This free energy depends upon the formal charge of the central 
atom of the acid, the number of non-hydroxyl o.xygens in the acid ion 
available for attachment of the proton, the number of equiva ent 
acidic hydrogens, and the actual structure of the acid as determine 
crystallographically. 


These are, of course, the items considered above in the qualitative 
discussion of acid strength. Although the mechanics of ^e ca c a- 
tions employed need not be considered here, the results obtained are 
in general good agreement with experimentally determine 
Ricci” points out that of the assumptions made by Kossia o a 
Marker only those relating energy to formal charge an num e ^ 
non-hydroxyl oxygens are essential to the empirical corre a ^ 

values Both these papers should be eonsulted for more details. 

The generalizations given by Gailais*® 

■ 1 . L. Paulien: Grrirrel Ch^nistry. P- 394. W. H. Freeman and Co., Smi Freneieco 


(1947). 

« J. E. Ricci; J. Am. Chem. Soc., 70, 109 (1948). 

» A. Kossinkoff and D. Harker: J. Am. Chem. Soc., 60, 2047 (1938). 
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pk^ =2 4- 2.2(xr — Xx) for m 0 


{9-14) 

(9-15) 


where Xa and Xx are, respectively, the electronegativities of H and X 
although less involved, do not give completely accurate results. 

Acid strength among hydrated ions is measured by the displace¬ 
ment of Brpnsted equilibria of the type 

4- HjO ^ 4- H,0+ 

Thus, the ease with which a proton is lost is determined by the extent 
to which an 0—H bond in a coordinated water molecule is weakened 
by the central metal ion. If this ion is small and has a high positive 
charge (e.g., iron(IIl)), a general displacement of electrons toward it 
might be expected, and a proton should be capable of fairly ready 
removal by a base. Large cations with comparatively low charges 
(e.g., those of the alkali and alkaline earth metals) are, therefore, only 
weakly acidic. Amphoterism would be expected among intermediate 
materials (e.g., aluminum ion). 


Although the protonic concept of acid-base behavior is admittedly 
superior to the water-ion approach, it suffers from its excessive 
emphasis upon the proton. It is true that most of the common acids 
are protonic in nature, but there are many which are not. Further¬ 
more, there are numerous reactions, particularly those occurring in 
the absence of solvent and at high temperatures, which have the 
characteristics of acid-base reactions but involve no protons Such 
reactions illustrate the limitations of the concept. 

The Lux-Flood concept 

Lack of applicabUity of the protonic concept to oxide systems where 
acid-base behavior is well recognised led Lux» to suggest that in such 
systems a base is any material which gives up oxide ions and an acid 
13 any material which gains oxide ions. This is indicated by the 

base acid 4- xO“* 

CaO ;=; Ca+* 4- 0“* 

SOr*^SO, 4- o-« 


limitations of such a concept are obvious, 
that, like the protonic approach, this view can be 

** H. Lux: Z. Blectroehem,, 46 , 303 (1939). 


It will be apparent 
reduced to one part 
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of the more general theories of Lewis (pp. 326-329) and Usanovich 

(pp. 329 230). 

Flood and his coworkers^*- have extended the Lux concept to a 
number of systems and have pointed out that in such systems acid 
strengths may be compared by comparing the magnitudes of equi¬ 
librium constants defined as 

K = a^iiOo-’/at^ (9-16) 

Thus acid strength is found to increase in the series TiOj"*, SiOi *, 

BOr, POr- 


The general theory oj solvent systems 


That water is not unique in its ability to act as an ionizing solvent 
and as a medium for acid-base behavior still surprises many people. 
Yet evidence for similar behavior of other solvents was presented many 
years ago. Franklin” pointed out the acidic characteristics of ammo¬ 
nium salts and the basic characteristics of metal amides, imides, and 
nitrides in liquid ammonia and incorporated this information into ms 
ammono system of acids, bases, and salts.”- ” Similar consideratmns 
have shown that such protonic solvents as liquid hydrogen sulfide, 
hydrazine, hydroxylamine, and glacial acetic acid can also function M 
solvents in which acid-base behaviors may exist and can be regardea 
as parents for systems of acids and bases. Extension of these ^ews 
to some extent through analogy, to non-protonic solvents has en argea 
the concept of acid-base systems to include such matenals 
sulfur dioxide, carbonyl chloride, selenium oxychlonde, 


trifluoride, and dinitrogen(lV) oxide. 

Analogies among these solvents become apparen , 

.iders the autoionization characteristic o each. A^ough juch 
ionization is ordinarily comparatively small, con uc 
ments have shown its existence in a variety of >nstan S 

of course, state with certainty the exact natures o ,, ,. gnjvatcd 
present, for the ions (especially the cations) are undoubted y s Ivated 

L a gr;ater or lesser extent. In the comparative summary gjn 

Table 9-4, both solvated and unsolvated cations 

claim being laid to the accuracy of either formulation. 


*» H. Flood and T. Forland: Acta 1 , 790 (1947). 

» H. Flood, T. Forland, and B. 

»» E. C. Franklin: J. Am. Chem. - 

*• E. C. Franklin: Am. Chem. J., 47, 2^ f Rcinhold Publishing 

«E. C. Franklin: The Nitrogen System of Compounds. 

Corp., New York (1935). 
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Based upon such considerations, several definitions for acids and 
bases have been advanced in terms of a parent solvent.They 
may be combined to admit as an acid any material giving, either by 
direct dissociation or by interaction with the solvent, the cation char¬ 
acteristic of the solvent and as a base any material giving the anion 
characteristic of the solvent. A salt is regarded as any material giv¬ 
ing solutions in the solvent of greater conductivity than the pure 
solvent and yielding at least one ion different from those characterizing 
the solvent. Acids may be derived directly from the solvent or bear 
no relation to the solvent except in terms of cation. Thus hydrazoic 


Solveot 
HiO HjO + U,0 

NH, NHi + NH, 

HCiHiOi HCtHiOi + HCiHjOt 
NH,OH NH,OH + NH,OH 
SOi so. + 2SO. 

COCU COCI* + COCI. 

SeOCli SeOCli + SeOCl. 

N.O« N.O. + 2NtO. 

BrFi BrPi + BrF. 


TABLE 9 4 

Autoionization of Various Solvents 

Diasociatioo Reaction 


H,0* 

NH.* 

H.C.H.O,* 

NH.OH* 

SOSO.** 

COCICOCI,^ 

ScOClSeOCl 

2NONO.* 

BrF.* 


+ OH- 
+ NH,- 
+ C.H.O.- 
+ NHOH- 
+ SO.-* 

+ CI- 

+ ci- 

+ 2NO.- 
+ BrF,- 


(or n* + OH-) 

(or H* + NH,-) 

(or H* + C,H,0,-) 
(or H* + NHOH-) 
(or .SO** + SO,-*) 
(or COCI* + C1-) 
(or SeOCl* + C1-) 
(or NO* + NO,') 


acid, HNa, behaves as an acid in liquid ammonia and is a true ammono 
acid since it is derived from ammonia, whereas nitric acid. HNOj 
although also an acid in liquid ammonia, is not an ammono acid. 

Neutralization, in terms of the general theory of solvent systems 
amounts to combination of the solvent cation with the solvent anion 
to produce the solvent. Analogies to the familiar interaction of 
hydrogen (hydronium) and hydroxyl ions in aqueous solutions are 
apparent from the typical neutralizations listed in Table 9-5. 

Extension of acid-base behavior from water to other protonic sol¬ 
vents in terms of this approach appears logical and requires no explana¬ 
tion. The inclusion of non-protonic systems, however, needs iustifica- 

tion in tei^ o experimental evidence since it represents a radical 
departure from the views considered thus far.” 

chloriT"""' “ of anhydrous aluminum 

cUonde in pure phosgene (COCI.) increases the conductivity of the 

latter by some one hundred thousand times The reanltincr ill 

.... ,„w. 

' 2137 (1924). 

A. r, O, Gcrmann: Science^ 61. 71 T a nL « 

- H. P. Cady and H. M. ElUy M iy 

1425 (1928). oe, 27 (1922); /. Chem. Education, 6, 

!! i' ^ J. Chem. Education, 17. 1 !0 (19401 

•* A. P. O. Germann and C. R. ^ ^ 
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at the anode, corresponding to the evolution of hydrogen and oxygen 
from, for instance, aqueous sulfuric acid. Furthermore, these solu¬ 
tions dissolve many metals, with the production of carbon monoxide 
and crystallizable metal salts, react with carbonates, liberating carbon 
dioxide, and neutralize phosgene solutions of chlorides such as calcium 
chloride. These behaviors are best accounted for by considering that 
carbonyl chloride undergoes autoionization to chloride and to COCl'*'or 
CO'*’* ions and that solutions of aluminum chloride in this solvent 
contain the comparatively weak acid COCIAICI 4 or COAJjCU. On 
these bases, analogies to aqueous solutions become apparent. 


TABLE 9-5 

Neutralization Reactions in Various Solvents 


Solvent 

1 

1 

Acid Ion 

Bftee Ion 

1 

Add + 

Typicti NeutrftliiatioD 
Bm ^ 6ftlt + 

Solvefit 

H1O 


1 

OH- 

Ha 

NaOB 

NaCI 

HiO 

NHi 

NH4*(H‘) 

NHt- 

NH«a 

NaNUi 

NaQ 

2NUi 

2NB1OB 

NHtOH 

NH,OH*(H*> 

NHOH- 

NHiOH-HCl 

KNHOH 

Ka 

HCtHiOt 

H,CiH»Oi*(H*) 

CiHiOt~ 

Hao« 

NaCiHiOi 

NaClOg 

HCiHiOt 

2COCI1 

COCli 

COCl* 

a* 

2CoaAia4 

Caa* 

Cb(A1CI4)i 


SO** 

SO|-* 

soai 

CSiSOi 

2CsCI 

2SOi 

1 

SeOCIi 

Seoa* 

a- 

(SeOaiiSaa* 

2Ka 

KiSoa* 

28eOai 

N1O4 

N*0* 

NO* 

NOi* 

Noa 

AgNOi 

Aga 

BrFi 

BrFi* 

BrF«- 

1 

BrFtSbF* 

AgBrF4 

AgSbF* 

2BrFi 


Liquid sulfur dioxide was apparently suggested as an acid-base 

solvent by Cady and Elsey.« but most of the 
such systems has been carried out by Jander and his sc , 

a few lines of evidence in support of including them “ . , , / 

Thus solutions of thionyl chloride and cesium sulfite can 1 
a conductimetric end point in Uquid sulfur 

Such a reaction is of course entirely analogous to the of 

of hydrochloric acid by sodium hydroxide m aqueous “ 

ammonium nitrate by sodamide in liqmd 
one may cite the amphoteric behavior of 

sulfur dioxide which parallels closely the j‘^„d tetra- 

aluminum hydroxide in water. Usmg '^^Xm sul- 

methylammonium sulfite solutions, one can precipitate alu 

fite first as 

2A1+’ + 3SOr’ — Al,(SO,Ilfs) 

.. G. Jander and K. Wiekert: Z. pkyM. CW, 
snbaequent papera by Jander et al., e.g., those "«*«* MoReyn 
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and redissolve it in excess sulfite ion as 

Al,(SO,),(a) + 3SOa-= 2[A!(SO,)a]-> 

By treating the resulting solution witli the acid thioiiyl chloride, one 
can then reprecipitate aluminum sulfite as 

2[AI(SOa),l-> + 3S0+* Alj(SO,)a(s) + OSOj 


Investigations of acid-base behavior in selenium oxychloride have 
been due largely to Smith,” who has shown that solutions of stannic 
chloride in this solvent have acidic properties and can be titrated con- 
ductimetrically with solutions of such bases as potassium chloride, 
calcium chloride, and pyridine. As an extension of the theory of 
solvent systems, Smith proposes that an acid represent an electron 
pair acceptor toward the molecule or ion of the solvent and a base 
represent an electron pair donor toward the solvent. This scheme 
offers a link between the theory of solvent systems and the electronic 
theories to be considered next. 

Work done in 1948 and 1949”"” showed that comparable acid-base 
reactions can take place in liquid dinitrogen(lV) oxide. Nitrosyl 
chloride, NOCl, is neutralized by silver nitrate (Table 9*5), and solu¬ 
tions of nitrosyl chloride in dinitrogen tetroxide react readily with 
metals such as iron, zinc, and tin to yield insoluble metal chlorides or 
salts of the type (NO),MCl„ and nitrogenfll) oxide. Comparable 
direct reactions with the solvent are limited to the most electropositive 
metals because of the low concentration of NO+ ions in the solvent. 
Amphoterism, comparable with that noted in aqueous solutions or in 
ammonia, is also apparent in reactions described by the equations 

Zn + x(C,Hb),NHjNO, + NjOb 

-+ ((CjHB),NHj),[nitrato zincate complex] -f NO 
Zn(NO,), -b x(C,Hb)jNH,NO, 

[(piHslsNHddnitrato zincate complex] 


The complex produced is soluble but uncharacterized 

(D ‘‘f.^-base solvent is liquid bromine trifiuoride 

tp. d66). The comparatively high specific conductance (8.0 X 10-> 

“G. B. L. Smith: Chem. Revs., 23, 165 (1938). 

P and R Thompson; N<xlurt, 162 . 369 ( 1948 ). 

menta;y 1^9, 211, 218 (Supple- 

*• w. H. Anpie, R. W. Jones, and G. O. Phillips: N«lur., 164, 433 (1949), 
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ohm~‘ cm"* at 25*0)^° of this solvent is indicative of its dissociation 
into and BrF^" ions. The conductance of the solvent is 

increased by addition of compounds such as BrFjSbFc and (BrF 2 )jSnF 6 
or KBrF 4 and ApBrF 4 . These materials behave, respectively, as 
acids and bases in tlie solvent.** Titration of BrF 2 SbF 6 with AgBrFi 
yields a sharp conductimetric end point at the 1:1 equivalence indi¬ 
cated by the equation 

BrFiSbFs + AgBrF4 -» AgSbFs + 2BrF, 


The general theory of solvent systems possesses the obvious advan¬ 
tage of relating acid-base behavior in numerous solvents, both protonic 
and non-protonic in nature. However, it suffers from its restriction 
of such behavior to solvents and its emphasis on the dependence of 
the behavior upon the solvent. Any acid-base reaction occurring in 
the absence of a solvent has no place in this treatment. Furthermore, 
this approach places an overemphasis upon the ionic character of 
neutralization processes. Certainly many neutralizations occur with¬ 
out the formation or interaction of ions. In addition, the practical 
importance of many of the solvent systems best considered by this 
concept is slight, and this is sometimes cited as a further objection. 
In spite of its utility under certain circumstances, the general theory 
of solvent systems has received but little attention in recent years. 


The Leivis electronic theory 

The fundamentals of this concept were first stated in 1923 by G. N. 
Lewis," but the general ideas apparently lay dormant until ^ 

in 1938 by Lewis* and extended by him and his students. The un a- 
mental postulates and extensions of the theory have been a y reviewe 

^In terms of this approach, an acid is regarded w 
radical, or ion in which the normal electronic grouping ^ 

about some atom is incomplete; the atom can 
pair or pairs. Correspondingly, a base is regarded as 
containing an atom which is capable of donating an electron pa... 

.. A. A. Banks, H. J. EmelCua, and A. A. f ' 

.. A. A. Woolf and H. J. EmclCua: J. Chtm Soc., 194^2805^ 

» G. N. Uwis: Valence and the Slruclure of Atoms and MolecuU . 

Catalog Co., New York (1923). 

« W F. Luder: Chem. lievs., 27, 547 (1940). , j -j. ^„a Ttases John 

.. w; F. hnder and S, Znffanli: Th. F.lect,onic Theory of Aci. ond Ba,u. 

Wiley and Sons. New York (1946). 
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Acids are thus the electron pair acceptors of Sidgwick,*^ and bases the 
electron pair donors. Neutralization then amounts to the formation 
of a coordinate bond (p. 193) between the base and the acid, the result¬ 
ing product undergoing rearrangement, dissociation, or no change as 
necessitated by stability requirements. The metathetical processes 
characterizing the Br 0 nsted-Lowry view are therefore without neces¬ 
sary significance in this concept. 

Some idea as to the scope of this interpretation can be gained from 
the examples listed in Table 9-6. It is apparent from these examples 


TABLE 9-6 

Examples Illustrating the Lewis Theort 


Acid 

Base 

Neutralization Product 

Ha 

H,0 

H,o- Ha (H,o+ + a-) 

H,0 

NH, 

H,N ^ HOH (NH,* + OH-) 

SOi 

CaO 

CaO -* SO, (Ca** + SO,"*) 

HNO, 

R,N 

R,N HNO, (R,NH* + NO,") 

BF, 

R,0 

R,0 -» BF, 

Cl 

SnCU 

ci- 

SnCl,-* (i.e., SnCl,-*) 

/ 

Cl 

H,0 

CN- 

NC--. HOH (HCN + OH-) 

Cu*» 

NH, 

(H,N—),Cu** (i.e., Cu(NH,),+*) 

Co+* 

NH, 

a- 

(H,N—).Co(-a),* (i.e., Co(NH,) 

a 

/ \ 

Aia, 

coa. 

OC AlCl, (COCl* + Aia,-) 

^C1 

SO+* 

GO 

O 

•• 

1 

0,S -» so (2SO,) 


that every type of acid or base characterized by any of the theoretical 
approaches already discussed is correctly defined by the Lewis theory. 
Furthermore, it is apparent that acid-base behavior is not made 
dependent upon any one element, upon any given combination of ele¬ 
ments, upon the presence of ions, or upon the presence or absence of a 
solvent. This lack of arbitrary limitation may be considered a strong 
argument in favor of the Lewis concept. 

That the I^ms concept represents an essential interpretation of 
experimental fact rather than a mere theoretical approach is brought 

"phenomenological 

cntena (p. 306). From the many examples and illustrations which 

NrYoA University Pr.ee, 



328 


Acids and Bases 


Ch,9 


have been given,*’- **• the following may be cited as representative 
and typical: 

1. Rapidity of neutralization. Neutralization is conceived by Lewis 
to occur with such rapidity that activational energies are unnecessary. 
Such a conclusion is supported by the well-known reactions HjO'*’ + 
OH“ and HCl + NHj as well as by such reactions as Cu'*’* + NHi and 
BClj + (CjHs) 3 N, all of which are Lewis neutralizations. 

2. Displacement of weaker acid or base. The hydrogen ion displaces 
the copper(II) ion from Cu(NH 3 ) 4 '*’’ because it is a stronger acid than 
the copper(II) ion. Correspondingly, hydroxyl ion displaces acetate 
ion from acetic acid because it is the stronger base. 

3. Titration, using indicators. Using methyl violet as a tj'pical 
indicator, one can titrate the acid HCl with the base NHj in aqueous 
medium, the acid BClj with the base phthalic anhydride in chloro¬ 
benzene, or the acid AlClj with the base CsHsN in chloroform, the 
color change in each instance being from yellow in the presence of 
excess acid to violet in the presence of excess base. 

4. Catalysis. The well-known acidic catalytic effects of sulfuric 
acid, hydrofluoric acid, boron trifluoride, aluminum trichloride, etc., 
and the basic catalytic effects of organic amines, amides, etc., are 
entirely systematized by the Lewis view. They are treated in more 
detail in a later section (pp. 334-335). 

In spite of the many apparent advantages of this interpretation, 
several objections can be cited. Inasmuch as neutralization involves 
the donation and the acceptance of an electron pair, it is obvious that 
any case of coordination must represent acid-base behavior. Althoug 
this may be desirable, it does bring many seemingly unrelated reactions 
into the realm of neutralization. To some extent, these difficulties 
are resolved by Bjerrum’s correlation of the Brpnsted and wis 
approaches** in terms of the definitions: 

base = proton acceptor or electron pair donor 


acid = proton donor 

antibase = base acceptor or electron pair acceptor. 

Perhaps a more fundamental objection is the lack of any 
scale of acid or base strength. Instead, acid and base strengths are 

« W. F. Luder. W. S. McGuire, and S. Zuffanti: J. Chem. Education. 30, 344 


(1943)« 

W F Luder: J. Chem. Education, 32, 301 (1945). . 

..r^BJerr^m: CAe.*- Scand., 1. 528 (1947); nd.- A- 


129 (1948). 
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made variable and dependent upon the reaction chosen. Although 
it is true that strengths relative to some reference material can be 
evaluated readily, the resulting values are more or less specific in 
nature. One other objection centers in the exclusion of the displace¬ 
ment of hydrogen by metals from acid-base phenomena. Such a reac¬ 
tion, as far as the Lewis approach is concerned, is an oxidation-reduc¬ 
tion reaction which, although related to acid-base reactions (see p. 
307), is nevertheless distinct from them. Were it to be included, any 
other oxidation-reduction reaction might justifiably be treated 
similarly. 

Such objections as those given above are not fundamentally serious 
and do not detract materially from the general utility of the theory. 
The Lewis electronic view has done much to interrelate the diamet¬ 
rically opposed views encountered when one attempts to tie the other 
approaches thus far discussed into a unified whole. It has the further 
advantage of explaining readily the long-accepted basic properties of 
metal oxides and the acidic properties of non-metal oxides and of 
permitting the inclusion of many gas phase and high-temperature, 
non-solvent reactions as neutralization processes. 


The Uaanovich concept 

The most comprehensive of all acid-base theories is due to Usano- 
vich.« In an attempt to cover all recognized phases of the field, 
Usanovich has defined an acid as any material which forms salts with 
bases through neutralization, gives up cations, or combines with 
anions or electrons. In like manner, he has considered as bases mate¬ 
rials which neutralize acids, give up anions or electrons, or combine 
with cations. Underlying the theory is a fundamental concept of salt 

formation which is made apparent by the examples given in Table 
9*7. 


Here, apparently, is an approach which includes every example of 
acid-base behavior explained by any of the theories thus far considered, 
and includes in addition all oxidation-reduction processes as repre¬ 
sentative of one phase of acid-base character. Although the theory is 
based pnmarily upon the positive and negative traits of acids and 
bases, some stress is also placed upon coordinate unsaturation, acid 
function being determined by the presence of coordinately unsaturated 
positive particles, and basic function by the presence of similarly 
negative particles. Although in general acidity is promoted 
by MgWy charged positive particles (compare the highly basic NasO 
with the less basic AUO,) and basicity by highly charged negative 
M. Usanovich: /. Gen. Chem. {U.S.S.R.), », 182 (1939). 
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particles (compare the high basicity of NazO with the lesser value for 
NaCl), exact consideration of size as well as charge relationships is 
necessary to explain many trends (such as the increasing basicity in 
the series BeO to RaO). 

TABLE 9-7 

Acid-Base Relationships in the Usanovich Sense 


Acid 

-f Base —♦ 

Salt 

Justification 

SO, 

Na,0 

Na,SO« 

Na,0 yields 0"* 

SO, combines with 0“* 

Fe{CN), 

KCN 

K.Fe{CN), 

KCN yields CN" 

Fe(CN), combines with CN" 

Sb,S, 

(NII,),S 

(NH,),SbS* 

(NH4),S gives up S“* 

Sb,S, gains S"* 

a, 

Na 

NaQ 

Na loses an electron 

Cl gains an electron 


The Usanovich theory is particularly advantageous in classifying 
together all examples of acidity and basicity, but it suffers from its 
very generality in including many reactions which are perhaps better 
considered from other points of view. This fault is particularly true 
of oxidation-reduction phenomena. For specific problems, the 
Usanovich approach is likely to be of extreme value; but for general 
considerations, it is undoubtedly too broad to be of wide utility. 

It seems proper to conclude this section in a recapitulatory fashion. 
Six concepts of acid-base behavior have been summarized, and some¬ 
thing of the utility and limitations of each has been indicated. In 
some instances, one point of view overlaps another, and the views 
have been considered in the general order of increasing comprehensive 
ness. It is only natural for one to wonder what the true picture is 
and what one should really know about acid-base theory. Actually, 
each approach is correct as far as it goes, and no conflict exists among 
them. One should be conversant with each point of view and should 
adapt his thinking to the particular problem at hand. In some cases 
(for example, the titration of hydrochloric acid with sodium hydrox^c 
in aqueous solution) one need go no further than the Arr enius 
approach for an adequate and workable explanation. On the other 
hand, a similar reaction in a mon-protonic system might better be 
treated in terms of the general theory of solvent systems. Further¬ 
more, for reactions occurring between solids, an electronic appro^ 
would be the most reasonable. And so on for other situations, 
single point of view should be regarded as adequate for all circiim- 
stances. Each has its own field of special applicability, and knowledg 

of the fundamentals of all is essential. 
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SOME APPLICATIONS OF ACID-BASE THEORY 
The basicities of metallic elements and their compounds 

Although the term basicity, as applied to the metallic elements and 
their compounds, has been employed to cover a variety of phenomena, 
from the ease with which the free elements lose electrons under oxi¬ 
dizing conditions through the extent to which metal salts hydrolyze 
in aqueous solution to the ease with which oxygen-containing salts 
decompose when heated, all such phenomena are reducible, directly 
or indirectly, to relative attractions (or lack of attractions) for anions 
or electrons. In this respect, they are, therefore, all manifestations of 
acid-base behavior in terms of the broad electronic concept offered by 
Usanovich. 

Since basicity involves the loss of anions or electrons, any property 
which measures the tendency of an element to lose electrons or which 
measures the lack of attraction which an ion has for electrons or anions 
in turn measures the basicity of that element or ion. There is, there¬ 
fore, no ambiguity in referring to such a variety of phenomena as 
mentioned above as measures of basicities. A broad generalization 
of this sort would be impossible in terms of older approaches to acid- 
base character, and in this respect the Usanovich interpretation does 
much to clarify an otherwise confused situation. 

Relation of acid~base behavior to oxi€lation-reduction 

Only a formalized relationship exists between acid-base behavior 
and oxidation-reduction in terms of the Br0nsted-Lowry concept. 


This is apparent from the defining equations ^ 

acid ^ base + proton (9*17) 

reductant oxidant 4- electron (9’18) 

and the characteristic equilibria 

acidi + basej basei + acidj (9-19) 

red.I + oxid.j oxid.i + red.i (9*20) 


Acid-base behavior amounts to proton transfer, and oxidation-reduc¬ 
tion to electron transfer. Such a formalized similarity leads to simi¬ 
larities in thermodynamic treatment but represents little more than 
an analogy. 

In terms of the Lewis treatment, however, the relation is much more 
definite.”' ” Although acid-base reactions involve a coordinate shar- 
•• W. F, Luder: J. Chem. Bdxtcation, 19, 24 (1942). 
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mg of electron pairs, oxidation-reduction reactions involve an essen¬ 
tially complete transfer of electrons (pp. 280-284). Any differences 
between the two types of phenomena then become differences of degree 
rather than of kind. Acidity and oxidizing power may be regarded as 
ditferent manifestations of electrophilic character, since acids attract 
shares in electrons and oxidizing agents attract electrons completely. 
In like manner, basicity and reducing power represent different mani¬ 
festations of clectrodotic character, since bases donate shares in electrons 
and reducing agents donate electrons completely. This fact can be 
made more apparent by some examples. Silver ion, for instance, 
behaves as an acid in the presence of a base such as ammonia and as 
an oxidant in the presence of a reductant such as zinc. In both cases, 
silver ion is exhibiting an attraction for electrons. Furthermore, 
sulfide ion behaves as a base when reacting with water but as a reduc¬ 
tant when reacting with an oxidant such as the permanganate ion. 
Yet both behaviors represent electron donor character on the part of 
the sulfide ion. 

An even more pronounced relationship is of course inherent in the 
Usanovich treatment. Actually, oxidation-reduction occupies no 
unique position in terms of this approach. Rather, it is a phase of 
acid-base behavior. 

Acid-base relationships at elevated temperatures 

Although much emphasis has been placed upon acid-base behavior 
at room and somewhat lower temperatures, only recently*’ has there 
be^ any attempt to extend any of the theoretical approaches sys- 
teiftatically to reactions occjjrring at higher temperatures. 

The acidic properties of “onium” salts in their parent solvents 
suggest their behaviors as acids at elevated temperatures.** Much 
information upon the acidic properties of such materials is available. 
For instance, fused ammonium nitrate dissolves many metal oxides, 
hydroxides, and carbonates and oxidfzes many metals in the same 
fashion as aqueous nitric acid. It may, in fact, be regarded as a high- 
temperature nitric acid. A combination of fused ammonium nitrate 
and ammonium chloride shows the properties of high-temperature 
aqua regia; and the acidic properties of ammonium chloride in solder¬ 
ing fluxes, in the dehydration of hydrated metal chlorides which might 
otherwise hydrolyze, and in the preparation of non-volatile anhydrous 
chlorides {particularly of the rare earth elements) by reaction with 
metal oxides are well recognized. The acidic properties of other 

L. F. Audrieth and T. Moeller: J. Ckem. Education, 20, 219 (1943). 

‘•L. F. Audrieth and M. T. Schmidt: Proc. Nail. Acad. Sci., 20, 221 (1934). 
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ammonium salts and of pyridinium salts at elevated temperatures, 
together with the rather wide use of the former in the opening up of 
certain types of ores, are other examples. That acidity should char¬ 
acterize such materials is apparent from the Br 0 n 8 ted-Lowry concept, 
and their consideration as acids is nothing but a logical extension of 
this concept. 

There are many high-temperature acid-base reactions which are not 
amenable to treatment in terms of the Br 0 nsted-Lowry theory because 
protonic materials are absent. However, many such reactions, some 
involving fusion and some apparently occurring directly between solids, 
can be considered conveniently in terms of the Lewis approach. 
Summarized in Table 9*8 are a few general examples** chosen at random 
from the fields of ceramics and metallurgy. 


TABLE 9 8 

Hioh-Tbuperatvre Acid-Base Reactions Based upon the Lewis Theory 


Bam 

Acid 

NeutraUtstioo 

^ Product 

1 

Applicstiona 

0“* 

6iOi 

SiO.-*, SiOi'‘ 

MAOufacturc of gloss, oemeot. sod 

(from MO. MOH, MC0i.M60«) 

AliOt 

AID.-. A10i*» 

ceramic products*—slag (ornia* 


BiOi 

BO|-. BO.-* 

tion 

0“» 

BOi*(BtOi> 

BO.-» 

Borax bead teaU 

(from MO) 

POi- 

po.-* 

Pboaphote bead ieete 

0-t 

8iO»-» 

SO.-* 

OpenioK up of oros 

(from MO, AiA.) 

HSOi- 

so.-* 


8-* 

FeS 

FeS.-‘ 

Orford process (or nickel eonceo* 

(from NotS) 

CutS 

CuS- 

Uation 

F- 

B«Fi 

B«F.-* 

Electrolytic melts 

(from aUlaU fluorides) 

AIF, 

AlF.-» 



TftF* 

TaFi-* 



In each instance, the reaction outlined represents an interaction 
between an electron pair donor (base) and an electron pair acceptor 
(acid). The bases selected are simple electronically saturated anions, 
the structures of which may be represented as 

• • • • • • 

: 0 : S and : F 

E^h of the acids is a coordinatively unsaturated ion or molecule con¬ 
taining an atom capable of accepting an electron pair. 

Although the reactions cited are given simple formulations, they 
may weU be more complicated. An acidic oxide such as silica existe 
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as a giant molecule which must undergo depolymerization or degrada¬ 
tion before the simple ions given in Table 9-8 can form. Such a 
degradation is probably effected by strong anion bases at elevated tem¬ 
peratures through the formation of intermediate polyanionic complexes 
in much the same fashion as isopoly acids are degraded in aqueous 
solution to simple anions by increasing the pH (p. 277). A similar 
situation doubtless exists in the metaphosphate reactions, since the 
existence of discrete metaphosphate ions under any circumstance 
appears improbable (p. 649). Rather, it is more probable that the 
metaphosphate ion is a polymeric aggregate which reacts with basic 
oxides to form a whole series of intermediate polyphosphates of indefi¬ 
nite compositions. 

Numerous examples of high-temperature acid-base reactions in addi¬ 
tion to those cited are known.®* In general, they have often been 
encountered in technical practice, but, as yet, they have received little 
systematic physico-chemical attention. Fundamental investigations 
of such reactions should open new fields to the theoretical chemist, 
to the preparative chemist, to the ceramist, and to the metallurgist. 

Acid-base reactions in the gas phase 

The general concepts outlined in the preceding section may be 
extended to cover many reactions which occur in the gas phase. Reac¬ 
tion of a gaseous hydrogen halide with gaseous ammonia or any com¬ 
parable reaction is obviously a proton transfer reaction and is described 
clearly by the Br 0 nsted-Lowry approach. Many other reactions which 
involve gases are acid-base reactions from the Lewis point of view. 
For example, the reversible gas-phase reactions between trimetM 
boron and ammonia and various amines have been studied from this 

basis. “ 

Acid-base catalysis 

The catalytic properties of acids and bases represent an important 
phase of acid-base behavior, and reference has already been made to 
catalysis as a phenomenological criterion (p. 306). In spite of ear y 
recognition of the catalytic properties of hydrogen acids and metal 
hydroxides in aqueous solution, only since the introduction of modern 
theoretical concepts have other materials reacting under other con i- 
tions been recognized as acid and base catalysts. 

»H. C. Brown, M. D. Taylor, and M. Gerstein; J. Am. Ckem. Soc., 66, 431 

» 11; C. Brown, H. Barlholomay, Jr., and M. D. Taylor: J. Am. Chem. Sor., «6. 
435 (1944). 
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The importance of acid-base catalysis may be inferred from the 
extensive literature which has accumulated concerning it.*^- Ihcre 
is room in this discussion to point out only a few general considerations. 
The original literature should be consulted for a comprehensive 
discussion. 

Although the Br 0 nsted-Lowry definitions have served to emphasize 
the importance of protonic materials as acid catalysts in both aqueous 
and non-aqueous media (compare, for example, the hydrolysis of 
esters as catalyzed by acids such as hydrochloric in aqueous medium 
with the ammonolysis of esters as catalyzed by ammonium salts in 
liquid ammonia), perhaps the most fruitful generalizations have come 
from applications of the Lewis electronic theory. In terms of this 
theory it is often possible to show how a known acid or base catalyst 
may form an unstable intermediate by acceptance or donation of an 
electron pair. Many examples of the type reactions summarized in 
Table 9*9 have been considered in detail in an interesting review 


paper 


6t 


TABLE 99 

Acid and Base Catalysis in Terms of the Lewis Theory 


Reaction Type 

1. Acid'catalyzcd reactions 

Friedel-Crafts 

Cannizzaro 

Semi-carbazone 

Halogenation 

Hydrolysis 

Sulfonation, nitration 

2. Base-catalyzed reactions 

Cannizzaro 

Claisen 

Aldol condensation 
Benzoin condensation 
Perkin 


Typical Catalysts 

BF,. AICU, H,SO«, P.O., IlF 
Al(OR), 

HX 

FeBr,, SbCU. ZnCb, SnCL 

BF, 

CH¬ 
OC,H,- 

CiHjO,” CO,-*, pyridine, amines 
CN- 

C,H,0,- CO,-*. SO,-*, POr*. 
pyridine, quinoline, (C,n,),N 
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Non-aqu€OU8 Solvents 


The ability of water to dissolve materials of a wide variety of types, 
structures, and compositions has often led to the very general assump¬ 
tion that water is unique in its solvent characteristics. Historically, 
such properties of water as its availability, its convenience in handling, 
its long liquid range, and its ability to form solvates have undoubtedly 
combined with its solvent properties to direct attention to it as opposed 
to other solvents. The Arrhenius views of electrolytic dis.sociation as 
being limited to aqueous solutions probably did much to foster this 
attention. Indeed, in 1893, Ostwald was convinced that in so far as 
its abilities to form electrolytic solutions or to bring about ionization 
were concerned, water stood in a class by itself, a position “which is not 
even approximately simulated by any other substance.”' Although 
it is to be admitted that subsequent researches have failed to reveal 
another solvent entirely approaching water in behavior, they have 
demonstrated that differences among solvents are differences of degree 
rather than of kind and that all the effects produced by water are also 
produced by many other solvent materials. Realization that water 
is not unique in its characteristics has done much toward developing 
the fundamental concepts of solution chemistry so necessary to a 
comprehensive understanding of inorganic and physical chemistry. 

From a historical point of view, investigations of solvents and solvent 
properties may be grouped roughly into three broad periods. In the 
five-to-seven-year interval subsequent to 1892, attention was directed 
to such organic compounds as alcohols, esters, and ketones as elec¬ 
trolytic solvents for inorganic substances. Results obtained were 
usually essentially qualitative in nature and of but little real scientific 
value since the electrolytes studied were usually selected because of 
their solubilities rather than for their suitabilities to conductance 
meMurements. Furthermore, such data as were reported usually 
embraced rather narrow concentration ranges, thus permitting only 


‘ W. Oetwald: Lehrbuch der aUgemtinen Chemie, 
Ton W. Engelmann, Leipxig (1893). 


Vol. II, Pt. 1, p. 705. Verlag 
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approximate extrapolations to infinite dilution, and often were of 
doubtful accuracy because of uncertainties in solvent and solute 
purities. 

A second period, beginning with the liquid ammonia studies of 
Cady in 1897 and embracing both continuance of these studies in 
subsequent years by Franklin, Kraus, and others and the pioneer 
investigations of Walden on the solvent character of liquid sulfur 
dioxide, may be regarded as introducing the third period, that of 
modern study in the twentieth century. During this last period, a 
variety of solvents have been investigated from both the practical and 
the theoretical points of view. With refinements in technique have 
come particularly rapid developments along theoretical lines. 

It is manifestly impossible to divorce any consideration of solvents 
from acid-base behavior since such a large proportion of the interest 
in non-aqueous media has stemmed from the acid-base reactions which 
characterize them. As a consequence, the views summarized in 
Chapter 9 on reactions in such solvents should be used to implement 
and supplement the considerations applying to other behaviors as 
presented in this chapter. 

That current interest in non-aqueous solvents has become particu¬ 
larly widespread is evidenced by both the literature which is accumu¬ 
lating and the symposia which have been conducted for its considera¬ 
tion. A number of general references may be consulted with profit 
as indicating the scope of such interest and the variety of investiga¬ 
tions which are being and have been carried out.*“‘® Of these, the 
work by Walden* may be regarded as a classic and may be cited as a 
general reference for information on all types of non-aqueous systems. 


CLASSIFICATIONS OF SOLVENTS 

Solvents may be classified in a number of ways. Perhaps the most 
obvious of these classifications, the one based upon chemical constitu 


* P. Walden: Z. arnyrg. CAem., 29, 371 (1902). 

»C. A. I^raua: The Properliee of EUciricaUy Conducting SyaUma. Chemical 

Catalog Co., New York (1922). * n »k i 'niiff 

* P. Walden: Elektrochemie nichlwtuanger Ldaungen. Verlag J. A. Barth, Lcip g 


» P.\valden: 5a/M, Acids, and Baxes. McGraw-Hill Book Co.. New York (1929). 

Translated by L. F. Audrioth. ,,r> n- u- 

* E. C. ¥r&nV.\in:The S ilTogen SysUmof Compoumis. Rcinhold Publishing rp., 

New York (1935). /.mn 

’ "Symposium on Non-aqueous Solvents,” Ckem. Revs., 8, 167-3M ( 

* "Symposium on Liquid Ammonia," Chem. Revs., 26, 1-104 (194 ). 

» H. J. Emol«5ufl: Ann. Reports, 86, 135 (1939). 

><»G. Jandcr: Naturwissenschaften, 32, 169 (1944). 
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tion, is at the same time of least value since it can do no more than 
bring together materials with generally similar solvent characteristics. 
Although this may be desirable under certain circumstances, knowledge 
derived from it is ordinarily more qualitative than quantitative in 
character. 

A more convenient basis for classification lies in the electrolytic 
characteristics of the solvent. Solvents which arc themselves polar 
in nature behave in general as ionizing solvents either because of the 
attractions which such polar groups have for ions already existent in 
solutes or because of the tendencies which such materials have to 
rupture polar covalent linkages present in non-ionic compounds such 
as the hydrogen acids (p. 400). In a very general way, the electrolytic 
behavior of the solvent is thus related to its dielectric constant,* 
solvents with high dielectric constants behaving as better electrolytic 
solvents than those with lower dielectric constants." This is appar¬ 
ent from the familiar relation 


1 . €iet 

€ (ri -b r,) 


( 101 ) 


in which the energy F necessary to separate two ions of charges ci 
and Cl and radii n and rj is related to the dielectric constant 6 of the 
medium in which such separation occurs. The data" summarized 
in Table lOT may be cited as indicative of a general decrease in 
apparent degree of dissociation (a) with decrease in dielectric constant 
of the solvent, other factors remaining constant. Solvents with high 
dielectric constants such as formic acid, nitromethane, hydrogen 
cyanide, acetonitrile, methyl thiocyanate, ammonia, ethylene glycol, 
methanol, and water should and do behave as our best ionizing sol¬ 
vents; those with low dielectric constants, such as the hydrocarbons 
and halogenated hydrocarbons, are the poorest. 

The concept of leveling and differentiating solvents which has 
proved so useful in conjunction with the Br 0 nsted-Lowry theory (p 
315) may be applied with profit to electrolytic solvents in general 
Leveling solvents, that is, those in which most soluble electrolytes 

• The dielectric constant (e) of a medium is defined in terms of the expression 


A A • 


er* 


Barth; pp. 4(M9. Verlag J. A. 

"P. Walden and E. J. Birr: Z. phytik. CAem., A168, I (1931), 
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TABLE 10-1 

Effect of Dielectric Constant on Electrolytic Behatiob 


Solvent 

Dielectric 

Constant 

a at 2000 Liters Dilution for 

(C,H0«NPi* 

(C,H,),NH,Pi* 

(C,H,).NH,a 

H,0 

81.1 (18*) 

0.99 

0.97 

0.97 

CH.OH 

35.4 (13*) 

0.95 


0.92 

C,H,OH 

25.4 (25*) 

0.89 


0.88 

CH,CN 

36.4 (20*) 

0.95 

0.90 

0.31 

(CH,),CO 

20.7 (20*) 

0.88 

0.76 

0.10 

C,H»N 

12.4 (21*) 

0 74 

0.53 

0.04 


10.9 (0*) 

0.47 

0.005 

ca. 0.0 


• Pi = picrate. 


appear strong, embrace the highly polar materials such as water, 
ammonia, and the lower alcohols. Differentiating solvents, that is, 
those in which electrolytes often vary widely in strength with changes 
in the solvent, embrace less polar materials such as certain amines 
and halogenated hydrocarbons. 

Classification of solvents as protonic and non-protonic is intimately 
related to acid-base phenomena and has been considered from that 
point of view in the preceding chapter (p. 322). As far as non acid- 
base behavior is concerned, such a classification has but little utility. 

A final classification based upon analogies derived from the concept 
that each solvent acts as a parent for a system of compounds has proved 
to be extremely useful. To some extent, this point of view has been 
discussed already in conjunction with the general theory of solvent 
systems as applied to acids and bases (p. 322). However, its utility 
extends much farther, and much of the chemistry of many water-like 
solvents has been evaluated by this means. Solvents, therefore, 
be considered in terms of formally equivalent groups as indicated m 
Table 10-2, each solvent then serving as a parent for many compounds 


TABLE 10 2 

Formallt Equtvalxht GROUPd among Solvents 


Solvent 


H,0 

n»o* 

HiS 

H,3* (T) 

NH, 

NH4* 

N,H, 


NHiOH 

NH.OH+ 

SO* 

SO** 

COCl, 

coa* 

N,0, 

NO* 

(CH,CO)iO 

CH.CO* 


Equivalent Group or Ion 


OH- 

O'* 

SH- 

S'* 

NH,- 

NH-* or N'* 

NHNHr 

NNH,-* 

NHOH- 

NOH-* 


SO.-* 

NOr 


CH.cor 





TABLE 10-3 ^ 

Pbtsical Constants fob Watbr and Certain Water-Like Solvents 
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and compound types. Compounds containing the formally equivalent 
groups listed in this table, when dissolved in their parent solvents, 
might then be expected to exhibit strikingly similar characteristics. 
That this expectation is borne out by experimental data will become 
apparent from subsequent discussions in this chapter. 

Much attention has been directed to “water-like” solvents/® par¬ 
ticularly by way of the analogies just indicated. These are the sol¬ 
vents possessing physical properties which compare closely with those 
of water. In Table 10-3, the physical constants for a number of the 
more common solvents of this type have been summarized. Reference 
to these data should be helpful in conjunction with the material on 
various solvents to be considered later. 

SOLUBILITY IN POLAR SOLVENTS 

Ionic compounds are most soluble in polar solvents. The dissolu¬ 
tion of an ionic crystal may be regarded as proceeding because the 
polar solvent molecules possess sufficient attractions for the ions to 
pull them away from their positions in the crystal lattice. Such an 
attraction implies that the ions must become solvated in the process. 
Because molecules of non-polar solvents are incapable of such solva¬ 
tion effects such solvents do not affect ionic compounds. The dis¬ 
solution of an ionic compound in a polar solvent occurs, therefore, if 
the attraction between solvent molecules and ions exceeds the attrac¬ 
tions among the ions in the crystal lattice, or in other words if the 
energy of solvation (p. 294) of the ions exceeds the lattice energy 
(p. 181) of the crystal. Solubility in a particular solvent is thus a 
measure of the strength of bonding in the crystal or of the stability 
of the crystal. 

It is difficult to obtain exact values for the solvation and lattice 
energies of all materials. However, useful information relative to 
solubilities can be obtained through a cyclic approach of the Bom- 
Haber type (p. 184). Thus, 

MX(s) —^ M+(g) + X-(g) 

M+fsolv.) -h X"(soIv.) 

where Uo is the lattice energy, H the solvation energy of the ga^ous 
ions and L the observed heat of solution at infinite dilution, bmee 
the total energy change is the same by either path, it follows t 

(10-2) 


±L= U,- H 
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positive quantities being endothermic and negative quantities being 
exothermic. The solvation energies of positive and negative ions are 
additive since at infinite dilution anion and cation are without efTect 
upon each other. 

Dissolution of an ionic compound is also affected by the weakening 
of interionic attractions in the lattice when a solvent with a hi#i dielec¬ 
tric constant is employed. This is apparent from Kquation 10*1, since 
the forces between the ions vary inversely with the dielectric constant. 
It follows that solvents characterized by high dielectric constants dis¬ 
solve a given ionic compound most readily and dissolve a greater 
variety of ionic compounds. Water (e = 81.1) is a cardinal example. 
Dielectric constant and the solvation energy for a given ion may be 
related by the Born equation 

where the terms have the same connotations as in Equations lOT and 
10*2. An increase in the magnitude of the dielectric constant thus 
increases the solvation energy and the solubility. In many instances, 
therefore, the dielectric constant is a factor of governing importance. 

It is of interest to examine solubility trends in the light of this dis¬ 
cussion. Inasmuch as both solvation energy and lattice energy are 
increased by decreases in cation and anion size, it is difficult to relate 
solubility trends to size relationships alone. However, the two oppos¬ 
ing changes are not often of the same magnitude, and, in a general way, 
other factors being equal, solubility increases with increase in cation or 
anion size. With increasing cation or anion charge, however, the 
lattice energy increases much more rapidly than the solvation energy. 
It is not surprising, therefore, that parallel sharp decreases in solubility 
are observed. The electronic arrangements in the ions are also of 
importance because of the polarizing effects exerted by cations upon 
anions (p. 208). If the anion is more readily polarized by the cation 
than is the solvent, the lattice energy will increase more than the solva¬ 
tion energy, and solubiUty will decrease. If the solvent is more 
readily polarized, solubility will increase. This is admirably illus¬ 
trated by the cations in the A and B families in a particular periodic 
^oup. The B family cations normally exert greater polarizing effecU 
than the A family cations, and thus yield generally less soluble com¬ 
pounds. Tables of solubilities provide useful data confirming these 
trends. Specific examples are cited in later chapters of this book 
it must be emphasized, however, that rigid comparisons are permitted 
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only among compounds of the same type and containing closely gimilar 
ions. 

LIQUID AMMONIA AS A SOLVENT 

One of the most water-like, and certainly one of the most compre¬ 
hensively. studied, of the non-aqueous solvents is liquid ammonia. 
Early interest in reactions in this medium has been continued until the 
literature has become extremely voluminous and complex. Refer¬ 
ences already cited^ * should be supplemented by the excellent yearly 
reviews compiled for the period 1933-1940 under the general guidance 
of Watt.^*“'® 

The water-like character of ammonia is reflected particularly by a 
comparison of the properties given in Table 10-3. Liquid ammonia, 
like water, is associated through hydrogen bonding (p. 189). How¬ 
ever, since the NHN bond is somewhat weaker than the OHO bond 
(p. 188), such properties as are dependent upon association are less 
pronounced with ammonia than mth water. Since the dielectric con¬ 
stant of ammonia is lower than that of water, ammonia is the poorer 
electrolytic solvent (p. 343). However, the lower viscosity of hquid 
ammonia might be expected to promote greater ionic mobilities and 
thereby overcome, to some extent, the dielectric constant effect. 
Although experimental studies involving ammonia are usually carried 
out at the boiling temperature or below', the ease with which ammonia 
can be liquefied by pressure alone permits investigations at room tem¬ 
peratures or slightly below in closed systems under pressure. 


Solubilities in liquid ammonia 

Inasmuch as the solubilities of materials in liquid ammonia arc 
often markedly different from the corresponding solubilities in water 
and inasmuch as the reactions solutes undergo are often functions of 
their solubilities, a general summary of solubilities is desirable. er 
haps the outstanding difference between ammonia and water is e 
ability of ammonia to dissolve, without chemical reaction, frw me 
which are strongly reducing in character {p. 218). Thus t e ® ^ ' 
metals dissolve readily to yield characteristic blue solutions from wmcn 
the free metals can be recovered by evaporation of the solvent, 
alkaline earth metals (calcium, strontium, and barium) show si 


G. W. Watt; J. Chem. Education, 11. 339 (1934): 13, 174 

H N. O. Cappel and G. W. Watt: /. Educatu^. IS, 231 (1936). 14. 174 

W. Watt and N. O. Cappcl: /. Chcm. Education. 15. 133 (1938); 16. 219 
W.' Watt^and W. B. Leslie: J. Chem. Education, 18, 210 (1941). 
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behaviors, although their solubilities are not as large and evaporation 
of ammonia yields, as first solid phases, rather unstable metal «ammo- 
nates of composition MfNHj)#. Magnesium exhibits a aliglit, though 
measurable, solubility, as does aluminum,”-** and the same is appar¬ 
ently true to lesser degrees of beryllium, zinc, gallium, laJithanum, 
cerium, and manganese. 

Non-metals such as iodine, sulfur, selenium, and phosphorus are 
somewhat soluble in liquid ammonia. With sulfur, and perhaps with 
the others as well, this solubility is due, at least in part, to reaction 
with the solvent. The solubilities of inorganic salts show trends 
markedly different from those noted in water. As might be expected, 
those salts which are most readily and extensively solvated are the 
most soluble. With ammonia, the nature of the anion appears to 
play an even more important role than with water, the nature of the 
cation being comparatively unimportant except that a number of 
ammonium salts are soluble irrespective of anion. Among the halides, 
solubility increases markedly from fluoride to iodide, essentially all 
fluorides being insoluble and even such iodides as that of silver being 
very soluble. The only chlorides which arc really soluble are ammo¬ 
nium and berjdlium chlorides. Soluble inorganic salts ordinarily 
contain such anions as iodide, perchlorate, nitrate, thiocyanate, 
cyanide, or nitrite, whereas salts containing carbonate, oxalate, sulfate, 
sulfite, sulfide, arsenate, phosphate, hydroxide, or oxide ions are uni¬ 
formly insoluble. 

Representative solubility data for substances of an inorganic nature 
are summarized in Table 10*4. The solubilities of organic materials 
appear to depend upon the natures of the functional groups which are 
present. In a very general way, the solubilities of these substances 
in liquid ammonia parallel those in the lower alcohols. 

The theoretical implications of solubilities in liquid ammonia have 
been summarized by Hildebrand.” Interpretation of observed results 
is complicated by the combination in ammonia of such properties as 
high dielectric constant, high dipole moment, high basicity, ability 
to hydrogen bond, high dispersion forces, and comparatively small 
molecular volume. Operation of all these factors renders application 
of a simple theory quite impossible, but it is possible to account for 
certain observed phenomena if a single factor predominates in its 

”A. W. Davidaon, J. Kleinberg, W. E. Bennett, and A. D. McElroy: J. Am. 
Chem. Soc., 71, 377 (1949). 

”A. D. McElroy, J. Kleinberg, and A. W. Davidson: J. Am. Chem. Soc., 72. 
6178 (1950). ’ 

*• J. H. Hildebrand: J. Chem. Education, 26, 74 (1948). 
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influence. Thus the magnitude of the dielectric constant appears to 
govern the solubilities of highly ionic compounds. The fact that 
ammonia functions as a poorer electrolytic solvent than water is 
apparent from the previous discussion on solubility (pp. 342-344). 

TABLE 10-4 

Some Representative Solubilities in Liquid Ammonia 


Solute 


Solubility, Temper- 
grams solute/ ature, 
100 grams NH| "C. 


Solute 


Li 

Na 

K 

S 

NaF 

Naa 

NaBr 

Nal 

KCl 

KBr 

KI 

NH«C1 

NHiBr 

NHJ 

BaCli 

Mali 

AgCl 

AgBr 

Agl 

Znh 

NaNHi 

KNHt 

K,CO, 

H»BOi 


11.3 

24.6 

49.0 

21 

0.35 

3.02 

137.95 

161.90 

0.04 

13.60 

182.0 

102.5 
237.9 

368.6 
0 

0.02 

0.83 

5.92 
206.84 

0.10 

0.004 

3.6 

0 

1.92 


-33 

-33 

-33 

30 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 


LiNO. 

NaNOi 

KNOi 

NH 4 NO. 

Ca(NO,)t 

Sr(NO.), 

Ba(NOi)i 

AgNOi 

NaSCN 

NH.SCN 

KOCN 

LiiS04 

Na,S04 

K,SO« 

Kao. 

KBrO, 

KIOi 

NH4a04 

NH.C.HiO. 

NH 4 HCO. 

(NH4).C0, 

(NH4).HP0. 

(NH.ltS 

ZnO 


Solubility, Temper- 
grams solute/ ature, 
100 grams NH. *C. 

243.66 25 

97.60 25 

10.4 25 

390.0 26 

80.22 25 

87.08 25 

97.22 25 

86 04 25 

205 50 26 

312.0 25 

1.70 26 

0 26 

0 26 

0 25 

2.62 26 

0.002 25 

0 26 

137,93 26 

253.16 25 

0 25 

0 25 

0 25 

120.0 25 

0 26 


and L. Boncyk: Am. Chem. Soc., 66, 3528 (1933). 

Hydrogen bonding between ammonia and a ^^iUty to 

ously increase the solubility ^ \ r^cter of ammonia in 

hydrogen bond ie associated wrth the ba^c j, the 

either the Br0n6ted-Loivry or G. N- methylamine or 

most basic of all common a useful solvent 

ethylenediamine. M a and organic. Dis- 
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react exert upon each other by virtue of the moving electrons which 
they contain. If sufficient electrons are present to render the molecule 
highly polarizable (p. 187), this effect may overcome orientation effects 
due to dipole moment. With water, the attractive effect toward 
other materials is due mainly to dipole character, but with ammonia 
dispersion and dipole effects are nearly equal. Ammonia, therefore, 
is not as good a solvent as water for strong dipoles, but it is better for 
non-polar substances (e.g., many organic compounds) and for mole¬ 
cules containing many electrons (e.g., iodine compounds). 

In terms of Hildebrand’s discussion,solubility increases in, for 
instance, the series NaF, NaCl, NaBr, Nal are associated^ with 
decreases in melting point and lattice energy. In addition, the iodide 
is extremely soluble because the solid phase is an ammonate, NaI'4NH j. 
Decreases in solubility from lithium halides to cesium halides are in 
accord with a corresponding decrease in tendency to ammonate. 
Dissolution of free metals seems to be favored by the almost negligible 
ionization of pure ammonia, the resistance of ammonia to reduction 
by free electrons, and the ability of ammonia to solvate metal ions. 
Solubilities of the alkali metals apparently vary because of variations 
in the magnitude of factors which oppose dissolution, such as sub¬ 
limation energy of the free metal and ionization energy of the gaseous 
metal atom, and in the magnitude of factors which favor dissolution, 
such as solvation energy of the gaseous metal ion, solvation of the 
electron, and alteration in entropy values (p. 295). Lack of exact 
values for the last three factors precludes any exact evaluation of these 
variations. 

Nature of solution of metals in liquid ammonia 

Although the general behavior of metals in liquid ammonia has 
been treated in conjunction with the discussion of the nature of the 
metallic state (p. 217), a more comprehensive examination of their 
characteristics appears warranted. Of the many published summaries 
which describe such systems, those given by Johnson and Meyer^® 
and by Fernelius and Watt** are perhaps the best for consultation 
because of their completeness and of their comprehensive coverage of 
the original literature. Of interest too are several less technical 
discussions.** 

The alkali metals are readily soluble without appreciable thermal 

•* W. C. Johnson and A. W. Meyer: Chem. Revs., 8, 273 (1931). 

** W. C. Fernelius and G. W. Watt: Chem. Revs., 20, 195 (1937). 

** W. C. Johnson and W. C. Fernelius: J. Chem. Educatiem, 6 , 664, 828 (1928)* 
6 , 20, 441 (1929); 7, 981 (1930). 
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effects and without chemical reaction [in the absence of such catalysts 
as iron, iron(III) oxide, or platinum or of light of wavelength 2150- 
2550 A which favor amide formation] to give blue solutions which 
possess identical absorption spectra at given dilutions, conduct the 
electric current, show strongly paramagnetic behaviors, and have 
densities less than the density of pure ammonia. Although the alka¬ 
line earth metals yield ammonates, their solutions in liquid ammonia 
have many of the characteristics of the solutions of the alkali metals. 

It is noteworthy that marked solubility among the metals is limited 
to those metals which readily lose electrons (p. 217). This gives a 
clue to the generally accepted theory of the constitution of these solu¬ 
tions as proposed by Kraus.’* Metal atoms are assumed to be in 
equilibrium with metal ions and free electrons as 

M M+ + e- 


the ammonia molecules then solvating these ions and electrons reversi¬ 
bly as 

M+ + iNH3^M(NH,).+ 

e- + yNH,:pie-(NH,)^ 

Such a view is supported by a variety of experimental eviden^ 
The transition of conductance from values approaching those for 
metals in concentrated solutions to values approaching those for ^ 
trolytic salt solutions as the quantity of ammonia is f 
discussed earlier (p. 218). This behavior is _ 

considers that Bucce.ssive additions of ammonia convert 

metal atoms to ammonated metal ions and regardless of 

measurements show further that the anion is the sa g 

The metal dissolved, differences in equivalent -nd“f 

being those predictable on the basis of known values ^ 

Inasmuch as the mobility of the ammonated <lU„te 

somewhat less than that of the fr^ ^hrlbsenee of 

solutions becomes electrolytic in charac metallic in 

excessive ammonation in concentrated solutions, it is meta 

"ThTstrongly reducing properties shown 

.. c. A. Kraus: y. Am. CArm. Sue., SO. .323 (1908): «, (1921), 
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reductions may be cited as a case in point.«-“ Many inorganic 

reductions are also of importance.** 

The more recently expressed views of Ogg*’ are also in essential 

agreement with this general concept except that the colored com¬ 
ponents are considered to amount to single electrons and electron pairs 
trapped in cavities which they create in the liquid rather than to 
solvated electrons. These single electrons and electron pairs are 
postulated to be in equilibrium with each other, the point of the 
equilibrium being influenced by both temperature and concentration. 
The polarographic studies of Laitinen and Nyman** may be regarded 
as offering independent support of the concept of existence of free 
electrons. Proposals that metal solutions in liquid ammonia are 
colloidal in nature*® appear to be untenable.** 

Reactions in liquid ammonia 

Chemical reactions which take place in liquid ammonia solutions 
may be discussed conveniently under the headings (1) reduction reac¬ 
tions, (2) acid-base reactions, (3) metathesis reactions in which acid- 
base character is not exhibited, (4) ammonation reactions, and (5) 
ammonolysis reactions. Comprehensive information on all these 
types of reactions may be obtained from published summaries®* **• 
to supplement the brief summary presented here. 

Reduction Reaclicns. The availability of free electrons in solutions 
of metals in liquid ammonia permits of a variety of reductions in such 
systems. Furthermore, the resistance of ammonia itself to further 
reduction provides a medium in which highly reduced states are 
stable. These factors combine to permit many reactions not observed 
in other media to take place. 

Reduction reactions involving inorganic materials may be classi¬ 
fied***** under the headings ammonium salts, free elements, hydrides, 
halides and cyanides, oxides, sulfides, nitrides and imides, and ternary 
compounds. Reactions with inorganic substances usually amount to 
the formation of binary compounds or to the liberation of free elements. 

A. J. Birch: Quari. 4, 69 (1950). 

»G. W. Watt: Chem. Revs., 46, 317 (1950). 

*• [hid., 289. 

” R. A. Ogg: J. Chem. Phys., 18, 533 (1945); 14, 114, 295, 399 (1946). Phys. 
Rev., 69, 243, 544, 668 (1946). 

*• H. A. Laitinen and C. J. Nyman; J. Am. Chem. Soc., 70, 3002 (1948). 

** J. F. Clhittum and H. Hunt: J. Phy$. Chem., 40, 581 (1936). 

**C. A. Kraus: Chem. Reoa., 8, 251 (1931); 26, 95 (1940). 

” W. C. Femelius and G. B. Bowman: Chem. Reva., 26, 3 (1940). 

*• W. M. Burgess and E. H. Smoker: Chem. Reva., 8, 265 (1931). 
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Such reactions doubtless involve primary reduction by free electrons. 
Reactions summarized in Table 10-5 may be regarded as typical of 
inorganic materials. Organic reductions are also covered by Fernelius 
and Watt*^ and by Watt*‘ but they have no place in this discussion. 

TABLE 10 5 

Typical Reduction Reactions Produced bt Metaw in Liquid Ammonia 


Products 


NH^a 

(NH.),S 

NH«C,H.O, 

Oi 

S 

Se 

P 

Sb 

Pb 

Hg 

Cul 

AgCN 

Zn(CN), 

Pbl, 

ThBr« 

Mnli 


Metal 

Em¬ 

ployed 

Products 

Substance 

Metal 

Em¬ 

ployed 

Ca 

CaCli 

GeH, 

Na 

U 

US 

CO 

Li 

Na 

NaCjH.O, 

CO, 

Na 

Na 

Na,0,, NaOH, 

N.O 

K 


NaNHi, NaNOj 



Na 

NatS, Na:S( 

NO 

Na 

K 

KiSe, K,Se, 

NO, 

Ba 

Na 

Na,P-3NH, 

Ag,0 

K 

Li 

LijSb-NH, 

CuO 

K 

Na 

Na4pb. 

GeS 

Na 

Na 

NaHg, 

Co(NO,), 

Na 

Na 

Cu 

SCN- 

Ca 

Ca 

Ag 



Na 

NaZn^ 



Na 

Na4Pb, 



K 

Th(NH),-KNH, 

1 

1 


Na 

Mq 




NaGeH, 

LiCO 

NaCOiH 

N,, KOH, KNH,. 
KN. 

NaNO 

BaNiOi 

Ag 

CuiO 

Go 

Co 

S-* 


Acid-Base Reactions. In terms of the Br 0 nst^-Lowry concep 
309), ammonium ion behaves as an acid in liquid ® 

amide, imide, and nitride ions behave as ba^. " . ,„bie 

tions involving ammonium salts and both soluble and insolub 
I3es l^des and nitrides occur in this solvent. Furthermore, 

solutionis of ammonium salts oxidise ®sm 

amide in liquid ammonia to yield uke fashion, 

analog of the hydroxosincate lon^ ‘ ^ obtained, and bear 

ammonobasic salts, such as P ’ ’ . anuobasic salU to water, 

the same relation to ammonia as do the » 9 “ob“ 

In addition many ammono and aquoammonoc^P 

such non-metals as carbon these compounds 

acid-base behavior in liquid ammonia. Certain of these P 

are discussed later (pp- 670-573). 
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Metathesis Reactions Not Involving Acid-Base Behavior. The courses 
which such reactions follow are determined by the solubilities of the 
products. As has been indicated (p. 345), such solubilities in ammonia 
are often sufficiently different from the corresponding values in water 
to cause reactions to take entirely different courses. A case in point 
involves precipitation of ammonated barium bromide, BaBrj’SNHa, 
when ammonia solutions of silver bromide and barium nitrate are 
mixed. In water, the exact reverse reaction occurs. On the other 
hand, many sulfides may be precipitated by ammonium sulfide from 
ammonia as well as from water. The general solubility variations 
already noted may be used to predict the courses of such reactions. 
Many metathesis reactions in liquid ammonia are of preparative sig¬ 
nificance, particularly where the desired products are more resistant 
to ammonolysis than to hydrolysis. 

Ammonaiion Reactions. Reactions involving the direct addition of 
ammonia to another material are called ammonation reactions. Reac¬ 
tions leading to the formation of metal ammonates such as Ba(NH3)6 
and to salt ammonates such as BaBrj-SNHs or (Cr(NHa)8]Cla are 
characteristic examples. This type of reaction is of little importance 
in comparison with other types. 

Ammonolysis Reactions. Ammonolysis, or ammonolytic, reactions 
are metathetical reactions in which ammonia is a reactant. Like 
hydrolysis or hydrolytic reactions, these are protolytic equilibria and 
are, therefore, related to acid-base behavior. They are considered 
separately, how’ever, because they involve ammonia itself rather than 
solutes which might exhibit acidic or basic properties when dissolved 
in ammonia. Ammonolytic reactions are ordinarily less extensive 
than corresponding hydrolytic reactions because of the lower degree 
of self-dissociation with ammonia. This is reflected in the ion product 
of 1.9 X 10“” (at —50®C.) for ammonia as compared with that of 
1 X 10"“ (at 25‘’C.) for water.” As might be expected, ammonolysis 
reactions may involve either gaseous or liquid ammonia, the major 
disadvantage of the latter being the low temperature involved and the 
consequent reduction in reaction rate. 

Ammonolysis reactions involving both inorganic and organic sub¬ 
stances have been reviewed comprehensively by Fernelius and Bow¬ 
man.” A few typical examples of the inorganic type are summarized 
in Table 10-6. For other examples, particularly of the organic type, 
the indicated reference” should be consulted. The catalytic effects 
of ammonium salts on the ammonolysis of esters may be regarded as 

analogous to the effects of aqueous acids on corresponding hydrolytic 
reactions. 
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TABLE 10-6 

Ammonoltsis Reactions Involving Typical Inorganic Substances 


Substance 

Ammonolysis 

Product 

Substance 

Ammonolysis 

Product 

Hga, 

HgNH,a 

Sba, 

SbN 

Hgl, 

Hg,NI 

voa, 

VO(NH,), 

BQ, 

B(NH,), 

TsCU 

Ta(NH,),av3NH, 

SiOlg 

Si(NH,)* 

TeBr, 

Te,N4 

GeCHg 

Ge(NH), 

MoQ, 

Mo(NH),NH,or Mo(NH,)4a 

SiH.a 

(SiH,),N 

Na,0 

NaNH, 

TiQ, 

TiNa-iNH, 

NaH 

NaNH, 

Noa 

NONH, 

N,H«-H,S04 

N,H4 + (NH4),S04 

pa, 

P(NH),NH, 

HX 

NH 4 X {X - 0, F, a, Br, I) 

PBr, 

P(NH,). 

PHJ 

PH, 


SUBSTITUTED AMMONIAS AS NON-AQUEOUS SOLVENTS 

The striking similarities in solvent properties existent between 
ammonia and water suggest that certain substituted ammonias might 
also function as non-aqueous solvents for inorganic substances. On 
the basis of structural considerations alone, any such characteristics 
might be expected to be more pronounced with hydroxylamine, 
hydrazine, and the lower acid amides than with the primary, secondary, 
and tertiary amines. Since hydroxylamine and hydrazine are strictly 
inorganic in nature, they should also be of more interest than the 
substituted ammonias containing organic radicals. Hydroxylase, 
containing as it does both the amide and the hydroxyl radicals, should 
show solvent properties corresponding to those of both ammoma and 
water. Although data on the physical constants of these two com¬ 
pounds are incomplete, the values summarized in Table 10-3 do sup¬ 
port this point of view. . . 

Early observations by Kohlschutter and Hofmann” indicated rathe 

striking resemblances between hydroxylamine and . 

character, solvation, amphoteric behavior, and ability to 

metals. Such work as has been done on this solvent supports these 

Detailed information on solubilities in hydrowlam-"® “ 

but early work by de Bruyn» showed ' ammonia” 

iodide, bromide, and cyanide, barium hydroxide, ^ 

Turn chlorides dissolving less readUy. Solvolyt.c reactmns doubtless 

» V. KohlschUtter and K. A. Hofmann: Ann., W ^ (1899). 

« C. A. Lobry de Bruyn: Rec. trav. chtm., 11, 18 
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accounted for the reactivity shown by anhydrous hydroxylamine 
toward many other substances. Preparation of compounds containing 
hydroxylamine of crystallization (i.e., hydroxylamates) and of hydrox- 
ylamino-basic salts such as those of mercury(II) has also been 
reported. It appears likely that solutions of inorganic salts in hydrox- 
ylamine would show electrolytic behavior. Further, and much needed, 
investigations on the solvent properties of the material should be 
aided by the summary of considerations of hydroxylamine as a parent 
of a system of acids, bases, and salts as given by Audrieth.’^ 

Early studies by de Bruyn” showed anhydrous hydrazine to dissolve 
such salts as sodium chloride and nitrate, potassium chloride, bromide, 
and nitrate, and barium nitrate, but the only comprehensive studies 
of the solvent properties of hydrazine appear to be those reported by 
Welsh. Many of the trends noted with ammonia appear to char¬ 
acterize hydrazine as well. Thus ammonium salts were found to be 
fairly soluble as were many nitrates, and decreases in solubility from 
iodide to chloride characterized many salts containing a common 
cation. In addition, such inorganic compounds as oxides, sulfides, 
carbonates, sulfates, and phosphates appeared to be rather uniformly 
insoluble. In many instances, solubility of a salt was attended by 
precipitation of free metals or uncharacterized materials, and with 
ammonium salts ammonia was evolved. The alkali metals reacted 
vigorously with hydrazine, probably to form hydrazides of the type 
with evolution of hydrogen, but no evidences of dissolution 
as the free metals were reported. Sulfur and iodine dissolved readily, 
but with vigorous reaction with the solvent. Most of the observa^ 
tions reported were qualitative in nature. 

The conductances of many inorganic substances dissolved in hydra- 
zme were also determined qualitatively.«» Ionic compounds, if solu¬ 
ble, appear to give solutions which are highly conducting; covalent 
compounds pve solutions which are poor conductors. These obser¬ 
vations are in accord with behavior predicted by the high dielectric 
coMtant of hydrazine (Table 10-3). Other conductance data sup¬ 
porting the contention that hydrazine is an electrolytic solvent have 
since been obtained for a number of compounds.** 

M for reactions in hydrazine, Welsh and Broderson** showed that 
hydrazine solutions of hydrazine sulfide wiU precipitate cadmium and 


«r i' Stai« Acad. Set., 32, 386 (1929). 

ITT w n ***”*•' ( 18 ^ 6 )- 

«T W n Soc,, 27. 497 (1916). 
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zinc sulfides from halide solutions and that in hydrazine sodium will 
liberate free metals from cadmium, zinc, and iron compounds. As 
might be expected, hydrazine hydrochloride and sulfate are acidic in 
hydrazine, dissolving free metals with liberation of hydrogen and neu¬ 
tralizing such a base as sodium hydrazide. Further studies in this 
medium should be implemented by considerations of the hydrazine 
system of compounds offered by Audrieth and Mohr,^® A detailed 
summary of the solvent characteristics of anhydrous hydrazine is 
given by Audrieth and Ogg.*^ 

Of the acid amides, only formamide and acetamide have been studied 
extensively. Formamide was shown by Walden*^ to resemble water 
closely as an electrolytic solvent, and its use as a medium for electro- 
deposition reactions has been explored also (p. 368). The solvent 
properties of fused acetamide at 100“C. have also been shown to 
resemble those of water." Acetamide solutions of salts are excellent 
conductors and lend themselves to electrolysis and metathwis 
reactions. Furthermore, solvates containing acetamide are readily 
obtained. The high dielectric constant of acetamide (59.2) favors its 


electrolytic solvent behavior. 

The lower aliphatic amines show many of the solvent properties ot 
ammonia, but, as the number of organic substituents or the sizes o 
such substituents increase, the amines become more organic 
acter and lose their abilities to dissolve ionic substances. Thus, 
although methyl amine is an excellent solvent for many salU and sa 
like compounds," particularly nitrates and halides and 
in general, other amines show reduced solvent power for 
paralleling decreases in dielectric constant. The reduce 
methylam'ine as compared with ammonia renders -lufo-^the 
alkali metals in this medium particulwly stable and, 
verv useful for reduction reactions. Although the alka 
Live rLddy in anhydrous methylamine, as in liquid --n;' 
have measurable solubilities in ethylamine, ,®'g^o„dary and 

tically insoluble in other primary amines J" “ ^lec- 

tertiary amines. - “ The ethanolamines properties 

trolytic solvents for a variety of inorganic substances^ P 

F. Audrieth and P. H. Mohr: Uyjrarine, Ch. 10. John 

L. F. Audrieth and B. A. Ogg: The Chemxslry of Hydranne, 

Wiley and Sons. New York (1951). gj, 207. 683 

«p. Walden: Z. phystk. Chem.. 46, 103 aoWent ayslem*. 

(,90.S); 59. 385 (.007)i 76. 555 (1910,. 

« O. F. Stafford: J. Am. Chem. Soc.. 68. 3987 W-*)- 
« H D. Gibba: J. Am. Chem. Soc., M, 1395 (l^)- 
tic A Kraus: J. Am. Chem. Soc., 39. 1557 (1907). 
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of anhydrous ethylenediamine as an electolytic solvent have been 
evaluated also.** 


ORGANIC LIQUIDS AS NON-AQUEOUS SOLVENTS 


Differences in bond character and structure between inorganic and 
organic compounds suggest that organic liquids should not, in general 
be suitable solvents for inorganic substances unless these substances 
are covalent in character. The generally low dielectric constants 
characterizing organic liquids support this view and indicate that, 
even if materials are measurably soluble, the resulting solutions will 
exhibit electrolytic properties only to limited degrees. Because little 
is to be gained from a consideration of all types of organic solvents, 
only those showing reasonable dielectric behavior are discussed here. 

The alcohols may be compared to both water and the primary 
amines. In general, they are less polar than water but more polar 
than the corresponding amines, and as a result they exhibit solvent 
properties intermediate between those of water and the amines. As 
the length and complexity of the organic radical increase, the solvent 
power of alcohols for salts and salt-like compounds is reduced, but 
their ability to dissolve covalent and highly complexed substances is 
increased. Methanol, in particular, and ethanol and isopropanol, to 
a lesser extent, dissolve a variety of inorganic salts and yield conducting 
solutions, whereas the higher alcohols have but little solvent effect 
on these substances. On the other hand, alcohols immiscible or only 
slightly miscible with water are useful for extracting non-salt^Iike 
compounds from water or as direct solvents for those substances. 
Salts which are most soluble in water or tend to hydrate to the greatest 
extent are commonly most soluble in the lower alcohols. The elec¬ 
trolytic behavior of many salts in methanol parallels the behavior in 

water quite closely and supports the view that methanol is a “water- 
hke’^ aolvent.*^ 


Ethers are less polar than alcohols and show reduced solvent power 
toward salts and salt-like compounds. On the other hand, they are 
often excellent solvents for highly covalent and complex substances 
Ihe ease with which diethyl ether extracts iron(ni) and galliumflll) 
from aqueous chloride solutions containing hydrochloric acid or 
uramum(VI) from aqueous uranyl nitrate solutions may be cited as 
repr^entative. Diethyl ether appears to be the only compound of 

be studied extensively in relation to inorganic substances, 
although the diisopropyl homolog appears to have some advantages, 

*'J W mr™ “m*' Soc., 74, 609 (1938). 

j. W. Williams: Chsm, Rtn., 303 (1931). 
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Of the ketones, acetone is the most readily available and conse¬ 
quently the best characterized. The moderately high dielectric con¬ 
stant of acetone (20.7 at 20*) suggests its ability to function as an 
electrolytic solvent, and its solvent properties are indicated by its polar 
nature. Nauraann** has given qualitative solubility data for dozens 
of inorganic compounds which are to be supplemented by the quantita¬ 
tive data summarized by Walden.*’ In general, compounds which are 
soluble in water are also soluble in acetone although cardinal exceptions 
are found in such materials as sodium and ammonium chlorides, 
sodium and potassium carbonates, copper(II) and iron(II and III) 
sulfates, potassium hydroxide, and barium nitrate. Reactions occur¬ 
ring in acetone appear to parallel those in aqueous solutions,and 
electrolytic behavior characterizes solutions of salts. The higher 
homologs of acetone exhibit similar solvent properties, solvent power 
toward covalent materials increasing vrith increasing complexity of 
the organic groups. Certain of the higher homologs are useful for 

extraction of materials from aqueous medium. 

The lower aliphatic acids have been studied extensively as solvent 
for inorganic substances. These compounds, because of their acidic 
nature, are particularly good solvents for basic materials, and most 
reported accounts of their solvent properties have been from the acid- 
base point of view (p. 312). Although formic acid has been investi¬ 
gated as a medium for potentiometric titration of bases, such ^ ure^ 
which are weak in aqueous solution,’* more attention has been 
to solutions in glacial acetic acid»-» (p. 312). Materials readily 

soluble in glacial acetic acid embrace acetates 

iron(III), and silver], nitrates, halides’* (especially iodides), y - 

and thiocyanates; acids such as perchloric, sulfuric, “^hoph^pho^. 

hydrochloric, and hydrosulfuric; and basic 

and ammonia. On the other hand, most metal ^ 

and compounds which are difficultly soluble in "^7;^any 

acetic acid. Quantitative solubility data 

acetates,” the highest solubilities again 

solvate most readily and extensive y. A ‘hough th 1 

slant is fairly low (9.7 at 18->C.), salt solutions m acetic acid 

♦> A. Naumann; Ber., 37, 4328 (1004). , 456-458. Verlag 

i»P. Walden: Elekfrochemie nichlti-ds^ngrr Ldsungm. PP- 

J. A. Barth, Leipzig (1924). 

»» A. Naumann: Ber.. 32, 990 (1809). 62 4795 (1930). 

1 . L. P. Hammett and N. D.etz: J. Sor.. 63, 

»* A W. Davidson: Chtm. Rn'*.. 8, 1/5 (1031). 

» N. F. Hall: Chem. Rev$., 8, 191 (^J). jgggj, 

» A. W. Davidson and W. QiappeU: J. Am. Chem. Sor.. eu. 
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ductors and undergo neutralization, metathesis, and electrodeposition 
reactions. Neutralizations in acetic acid have been discussed in the 
previous chapter. 

Of the acid anhydrides, only acetic anhydride has been investigated 
extensively as a solvent. The water-like" character of acetic anhy¬ 
dride is evident from a comparison of physical constants as listed in 
Table 10*3, and the material functions as a better electrolytic solvent 
than glacial acetic acid. Although the conductance of the pure com¬ 
pound is low, there is ample evidence^^^’ for autodissociation into 
acetyl (CH|CO+) and acetate (CHjCOO~) ions through solvolysis 
reactions of the type 

MX -I- (CH,C0):0 CH,COX -1- CH,COOM 
and neutralization reactions of the type 

CHaCOCl -I- CHaCOOK — KCl + (CH3CO)iO 

Reactions of the latter type can be followed conductimetrically. 
Electrolytic behavior is apparent in the observation that compounds 
such as antimony(III) chloride and bromide and arsenicflll) chloride 
may be electrolyzed in this medium in accordance with Faraday’s 
law.^® The solubilities of many materials have been evaluated more 
or less qualitatively.” The most soluble compounds are acetyl 
derivatives, acetates of the alkali metals and Group IVb elements, 
and various acid halides. Alkali metal halides, heavy metal acetates, 
silver salts, and metal sulfides are among the least soluble materials. 

Two potentially useful organic solvents are acetonitrile and nitro- 
methane, the dielectric constants of which are, respectively, 36.4 and 
40.4 at 20®C. Some solubilities of inorganic salts in these media have 
been evaluated, and a few conductance values have been reported, but 
no really comprehensive studies have been made. 


LIQUID HYDROGEN FLUORIDE AS A SOLVENT 

One of the most "water-like" of all non-aqueous solvents is hydrogen 
fluonde. Although liquid hydrogen fluoride has a rather low specific 
conductance, its high dielectric constant indicates that it is an excel¬ 
lent electrolytic solvent. Many inorganic substances are soluble in 

(mo Yataimirakil; /. Gen. Chern, {U.S.SJi.). 11. 954, 959 

IT n" Blohm, and G. Jander: Angev?. Cftem., AB9, 233 (1947) 

M w Chem., 266, 238 (1948), 

H. Schmidt, I. Wittkopf, and G. Jander; Z. atwrg. Chem., 266. 113 (1948). 
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this material, and interest in solutions of this type is evident from the 
abundant literature which has accumulated.®- 
The versatility of liquid hydrogen fluoride as a solvent is shown by 
the summary in Table 10-7.“ Organic substances appear to be less 


TABLE 10-7 

Solubilities or Inorganic Substances in Htdrooen Fluoriob 


Very 

Soluble 

Slightly 

Soluble 

Not 

Appreciably 

Soluble 

Soluble 

with 

Reaction 

Reaction 

Product 

Insoluble 

Insoluble 

and 

Uoreactive 

H,0 

MgF, 

AIF, 

KCN 

AlCl, 

Zna, 

NHgF 

CaF, 

ZdF, 

NaN, 

Fed, 

Sna, 

LiF 

SrF, 

FeF, 

KiSiF. 

Mnd, 

Nia, 

NaF 

BaFi 

PbFt 

Kao, 

CeO, 

aid, 

KF 

CaSO» 

CuF, 

Ba(aO,)j 

MgO 

did, 

RbF 

KClOg 

HgF, 

Hydroxides 

CaO 

Hgl, 

OF 

H,S 

HQ 

Alkali and alka¬ 

SrO 

Agd 

TIF 

CO 

HBr 

line earth metal 

BaO 

AgBr 

AgF 

Hg(CN), 

KNOi 

NaNO, 

AgNOi 

K,SO. 

Na,SO« ' 

CO* 

HI 

SiF« 

Cu(NO,), 

Bi(NO,), 

Pb(NO,), 

Co(Np,), 

ZnSO* 

CdSO* 

CuSOg 

Ag|SO« 

halides 

1 

PbO 

BaOi 

A1,0, 

CuO 

Agl 

HgO 

PbO, 

MnOi 

SnOi 

CtiO, 

WO, 

Mn,Oi 

1 


soluble in general than inorganic substances, and the use of liquid 
hydrogen fluoride as a medium for various types of organic reactions 
is probably more dependent upon its properties as an acid ca a ys 
(p. 335) than upon its properties as a solvent. 

Dissolution of inorganic materials in liquid hydrogen fluon 
take any one of a number of courses. According to Fredenhagen, 
the following types of behavior may be distinguished: 


1. Dissolutum wUh normal dissociation into ions. Such 
characterizes the dissolution of such materials as po j 

Although for many years it was believed that on y 
in this fashion and that the only anion capable of 
hydrogen fluoride was the fluoride ion, more recent wor 
that cLain alkali metal iodates, periodates, perchlorates, and sulfates 


» J. H. Simons: Chem. Rev$., 8, 213 (1931). 

•o H. Fredenhagen: Z. anorg. allgem. Chem., 243, 
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dissolve unchanged and undergo metathesis reactions in this medium 
to precipitate other salts of these anions. Precipitation of silver and 
thallium(I) chlorides by saturation of their fluoride solutions with dry 
hydrogen chloride suggests the momentary existence, at least, of 
chloride ion. In addition, certain non-metal fluorides (e.g., SbFi, 
AsFb, PFs) have been found to give acidic solutions in liquid hydrogen 
fluoride. Such solutions react with metal oxides and metals in the 
same fashion as do aqueous solutions of acids. It is presumed that 
reactions of these fluorides with the solvent yield protons (presumably 
solvated) and fluoanions (e.g., SbF«“, AsF«", PFe“). Certain salts 
containing fluoanions (e.g., NajAlF*, KiCrF*) also dissolve to give 
ionic solutions. These materials exMbit amphoterism. 

2. Dissolution with addition of hydrogen fluoride to the solute, followed 
by dissociation. In effect, this type of behavior amounts to transfer 
(rf a proton to the solute and leads to the formation of a solvated proton 
and the fluoride ion. Water, nitric acid, and such soluble organic 
compounds as alcohols, aldehydes, ketones, ethers, acids, acid anhy¬ 
drides, and carbohydrates behave in this fashion, the resulting solu¬ 
tions and the natures of the ionic species present having been studied 
by conductance and boiling point elevation procedures. Typical 
reactions of this type are indicated by the equations 

H,0 -f HF H,0+ + 

CH,OH + HF ^ CH,OH-HF ^ CH,OH‘H+ + F" 
(C,H,)iO + HF (C,H0tO-H+ + F- 
HNO, + HF H,NO,+ + F“ 

KNO, + 2HF ^ H,NO,+ + K+ + 2F“ 

The highly acidic nature of the solvent thus brings out basic properties 
even in materials like nitric acid, which are usually acidic (p. 312). 

3. Dissolution loiih reaction involving displacement of the acid radical 
of the solute by fluoride ion and liberation of the free acid. This type of 
behavior is noted where the acid formed is insoluble in liquid hydrogen 
fluoride or will not add a proton, as in case 2 above. Thus alkali metal 
halides (except fluorides) and cyanides liberate the corresponding free 
hydrogen compounds as indicated by the equation 

MX + HF-> M+-h + HX 
where X = Q, Br, I, or CN. 

“ A. F. Oifford: Doctoral Diasertation, Univarsity of Delaware (1949). 
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4. Dissolution with reacium involving a more complete change in the 
solute. Behavior of this sort is apparently determined largely by the 
nature of the anion in the salt employed. Thus sulfuric acid reacts to 
give fluosulfonic acid and water, the water in turn accepting a proton 
from the solvent. The complete reaction may then be represented as 

+ 2HF HSO 3 F + H 3 O+ + F- 

On the other hand, chlorates yield chlorine dioxide, oxygen, hydronium 
ion, and fluoride ion; bromates give free bromine; permanganates and 
chromates yield volatile oxyfluorides of manganese and chromium, 
respectively; and carbonates give carbon dioxide. 

MISCELLANEOUS PROTONIC SOLVENTS 

It is manifestly impractical to cover all protonic solvents which have 
been studied in this presentation. Only a few of the more interesting 
and representative ones will be considered. 


Liquid hydrogen sulfide 

Although hydrogen sulfide might, at first glance, be thought anal¬ 
ogous to water as a solvent, a comparison of physical constants 
(Table 10-3) indicates that this is far from the truth. Comprehensive 
studies have shown** that liquid hydrogen sulfide behaves more like 
an organic solvent than like water. Materials which are soluble 
without reaction embrace many organic compounds and only a few 
inorganic substances such as hydrogen chloride and bromide, zinc and 
aluminum chlorides, and a few sulfides. Other materials which are 
soluble are reactive because of their oxidizing power, the presence of 
an amine group, or their susceptibility to thiohydrolyais. In some few 
cases, metals and some oxidizing agents, for instance, ruction with 
the solvent without dissolution is noted, but many materials 
insoluble and unreactive, particularly most of the metal sulfides. 
Thiohydrolysis reactions characterize the behavior of the vola i e 
chlorides of the fourth, fifth, and sixth periodic groups except tho^ ot 
carbon and silicon. Such reactions often yield sulfides (e.g., 
from PCU) or thiochlorides (e.g., PSCl. from PCU), although reduction 
of the chloride may also occur. The conductances 
solved in liquid hydrogen sulfide are uniformly low,« and the low - 
ductance of the pure compouud (Table 10.3) aeema to 
appreciable self-dissociation and the development of a correspo g 

system of acids and bases* 

J A. Wilkinson: Chetn, Rfvn., 0 , 237 (1931)* 
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Liquid hydrogen cyanide 

Another promising protonic solvent is liquid hydrogen cyanide.**"** 
This substance b especially “water-like" in its properties (Table 10-3) 
and has an exceptionally large dielectric constant. Its poisonous 
nature has doubtless limited previous studies upon its characteristics 
and will hamper its applications. Many organic substances, water, 
and covalent inorganic compounds such as the tin(IV) halides and the 
arseQic(III) halides, although soluble, give solutions which are poor 
conductors. On the other hand, salts such as potassium thiocyanate, 
permanganate, cyanate, iodide, and hexacyanoplatinate(IV) and 
materials such as sulfuric and hydrochloric acids and eulfur(VI) oxide 
dissolve to give highly conducting solutions. Most alkali metal, alka¬ 
line earth metal, silver, copper, and mercury salts studied are either 
difficultly soluble or insoluble. Evidence for autodissociation of the 
solvent into HiCN'*’ and CN" ions is supported by neutralizations in 
this medium of cyanides with acids such as sulfuric or dichloracetic, 
neutralizations which can be followed conductimetrically. Solvolysis 
of salts such as silver sulfate and of acid chlorides such as acetyl 
chloride and amphoterism of materials such as ironflll) cyanide, as 
evidenced by its precipitation from iron(III) chloride with triethyl 
ammonium cyanide and subsequent dissolution in excess of the reagent 
to give ((CiH5)iNH]i[Fe(CN)6l, may be cited as other points of simi¬ 
larity to behaviors in aqueous solutions. A number of organic com¬ 
pounds which serve as acid-base indicators in aqueous solutions show 
similar color changes in liquid hydrogen cyanide when acids or bases 
are added. In liquid hydrogen cyanide, acid strength decreases in 
the series Ha 04 -H,S 04 -HN 0 |. 

Anhydrous sulfuric acid 

Early investigations by Hantzsch*’ on anhydrous sulfuric acid as a 
solvent and a reaction medium have been extended from the physico¬ 
chemical point of view by Hammett and his students.**”’® The high 
conductivity of the pure acid and the high concentration of hydrogen 

** G. Jander and G. Scholi: Z. phytik. Chem., AIM, 163 (1943). 

•* G. Jander and B. Grttttner with G. Schoh: Chenu Ber., 80, 279 (1947). 

** G. Jander and B. Grdttner: Chem. Ber., 81,102, 107, 114 (1948). 

•• J. Lange, J. Berga, and N. Konopik: MonaUh., 80, 708 (1949). 

' Chem., 61, 257 (1907); 62, 626 (1908); 66, 41 (1908): 

68 . 204 (1909). Ber., B68,1782 (1930). 

“U P. Hammett and A J. Deyrup: J, Am. Chem. Soc., 66, 1900 (1933). 

T* n D ^ I^wenheim: J, Am. Chem. Soc., 66, 2620 (1934) 

H. P, Treffeta and L. P. Hammett: J. Am. Chem. Soc., 69, 1708 (1937). 
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sulfate ion in the pure substance indicate sizable autodissociation into 
either and HSO^" or HaO'*', HSO*“, and SO 3 . Furthermore, 

water and most oxygen-containing organic compounds are converted 
by the highly acidic solvent into ionized oxonium hydrogen sulfates, and 
salts containing any other anion are converted into hydrogen sulfates. 
High concentrations of added hydrogen sulfate ion so suppress the 
autodissociation of the solvent as to eliminate the complicating effects 
of interionic forces and ion association in electrolyte solutions. As a 
consequence, pure sulfuric acid under these conditions gives solutions 
which behave ideally with respect to freezing point, conductivity, and 
solubility phenomena. In fact, activity coefficients (p. 285) in such 
solutions are constant over wide concentration ranges. These obser¬ 
vations have been confirmed by precision cryoscopic studies on sulfuric 
acid and on solutions in this solvent.’*"’* 


Anhydrous nitric acid 

The “water-like” character of anhydrous nitric acid has been 
pointed out by Jander and Wendt,’* and some of its solvent properties 
have been evaluated. In certain respects, this solvent is somewhat 
like liquid hydrogen fluoride. Although alkaline earth metal nitrates 
are insoluble, alkali metal nitrates are quite soluble, and tetramethyl- 
ammonium nitrate is extremely soluble. Most other soluble inorganic 
compounds are those which are already oxidized, e.g., sulfuric, per¬ 
chloric, arsenic, and periodic acids and certain sulfates, peroxysulfates, 
and perchlorates. Many organic compounds are oxidized by this 
solvent, although nitrated and halogenated materials are more resistant 
to attack. Perchloric acid appears to be a stronger acid in this solvent 
than sulfuric acid. Many picrates, acetates, chromates, and acid 
chlorides undergo solvolysis to corresponding nitrates. tJranyl nitrate 
reacts with both perchloric acid and potassium or tetramethylam- 
monium nitrate in nitric acid and is, therefore, amphoteric. recision 
cryoscopic studies’® show pure nitric acid to undergo dissocia ion 

according to the equation 


2HNO, NO,+ + NOr + HiO 

and to act as an electrolytic solvent toward nitrogen pentoxide. 

>.R. J. Gilleepie, E. D. Hughes, and C. K. 

'■n. J. Gillespie: J. CUm. Soc.. I860, 2493, 2516. 2“/; 

>■ R. J. Gillespie, J. Graham, E. D. Hughes, C. K. Ingold, and E. R. A. P g. 

.1. Chem. Soc., 1960, 2604. 

xR. J. Gillespie and J. Graham: Chm- Soe., I960 2^4 

XG. Jander and H. Wendt: Z. anorg. Chem., 367, 26 (1948), 368, 1 (1949), 

"xrj.‘Gmi>pio, E. D. Hughea, and C. K. Ingold: J. Cham. Soc., 1960, 2652. 
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NON-PROTONIC COMPOUNDS AS NON-AQUEOUS SOLVENTS 

Acid-base behavior in various non-protonic solvents has been dis¬ 
cussed in Chapter 9. Although it is true that the greater part of the 
investigative effort which has been expended on such non-aqueous 
systems has dealt with acid-base behavior, other phases of their 
chemistries have received some attention as well. Some of these may 
be considered here. Only the more extensively studied solvents are 
included. 

Liquid sulfur dioxide 

Pioneer studies on this “water-like*' solvent (Table 10-3) instituted 
by Walden” have been continued by Jander and his associates. The 
results of these studies have been reviewed repeatedly.** ’* dander’s 
considerations have been based largely on the autodissociation of the 
solvent into thionyl (SO-*-*) and sulfite (SOr*) ions, around which 
concept an entire system of compounds has been developed. 

Solubilities of inorganic substances in liquid sulfur dioxide vary 
widely. Many salts have solubilities of the order of 10“* to 10“* molar. 
Such compounds as oxides, chlorates, sulfates, sulfides, and hydroxides 
appear to be rather uniformly insoluble. Sulfites of the alkali metals, 
thallium(I), and amrrionium are moderately soluble, whereas those of 
most of the other metals are essentially insoluble. Tetramethylammo- 
nium sulfite is very soluble and thus serves as a convenient source of 
sulfite ion in this medium. Alkali and alkaline earth metal iodides dis¬ 
solve readily, but solubilities decrease rapidly through bromides and 
chlorides to fiuorides. Compounds such as ammonium thiocyanate and 
acetate, thallous acetate, and antimony(III) chloride are also readily 
soluble, as are many organic compounds. High solubility is often 
associated with solvate formation, such compounds as Nar4SO*, 
Bal8*2SOt, and BaIs'4SOt being easily formed and comparatively 
stable. Thionyl derivatives are soluble and free metals insoluble. 

Solutions of many salts in liquid sulfur dioxide have specific con¬ 
ductances of the same orders of magnitude as those of aqueous solu¬ 
tions of acetic acid or ammonia of the same concentrations. Ionic 
mobilities in liquid sulfur dioxide are related as follows 

SON- < Br- < I- < ClOr < a- 
(CH,)4N+ < K+ < NH4+ < Rb+ 

” P. Walden: Ber., M, 2862 (1899). 

’•H. J. Erael^ua and J. S. Anderson: Modem Arpecit of Inorganic Chemistry, 
pp. 482-487. D. Van Nostrand Co., New York (1938). 

G. Jander: Naturwissenschaften, S6, 779, 793 (1938). 
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Although most reactions which have been studied are of the acid- 
base type, metathesis reactions based upon the solubility relations in 
liquid sulfur dioxide may also be carried out. Thus thionyl bromide, 
thiocyanate, or acetate may be synthesized in liquid sulfur dioxide by 
treating the corresponding ammonium, silver, or potassium salt with 
thionyl chloride and removing the precipitated chloride. Ammonia 
and its organic derivatives react with the solvent according to the 
general equation 


2 


r\ 1 


r N 1 


1 

—N 

+ 2SO2 ^ 

(—N)2S0 


(—N)2S0 

[/ J 


/ J 


./ J 


+ SO,“» 


the resulting products behaving as bases in the solvent. 

Certain other reactions of rather general interest have been de¬ 
scribed. For example, amphoterism has been found to characterize 
the compound pho 3 phorus(III) chloride.®'* Treatment of a sulfur 
dioxide solution of the compound with tetramethylammonium sulfite 
causes complete precipitation of phosphorus(III) oxide, which in turn 
is dissolved by excess tetramethylammonium sulfite to a material 
of composition [(CH*) 4 NJ[POiSOi]. From such solutions, phos- 
phorus(III) oxide is reprecipitated by addition of thionyl chloride. 
Other work has shown® ‘ that radicals such as RCO+ (R = alkyl or aryl 
group) and NO+ (p. 595) can exist in liquid sulfur dioxide. These 
result when the corresponding chlorides, RCOCl and NOCI, are 
treated in liquid sulfur dioxide with antimony(V) chloride. Solu¬ 
tions so obtained have the properties of solutions of strong electr^ 
lytes and undergo metathetical reactions. By such reactions, as fo - 
lowed by conductance changes or precipitation, compounds such as 
(CH,C 0 )C 104 , (CH,C0)^0«, NOCIO 4 , etc., can be prepared. 
Although liquid sulfur dioxide docs not itself behave m a reducing 

agent or as an oxidizing agent, it serves as a rnedium 
reduction reactions. Soluble iodides may be oxidized to lodme in th 

medium by reagents such as antimony(V) or iron(III) c on ■ 

Zle\y. L iodine may be reduced to iodide by eulfitea auch ^ 

[|(C,H,).N|.SO|SO.. Technically, liquid f 

an excellent solvent for organic reactions of the 

tion or sulfonation, bromination, or hydrogen bromide addition types. 

» G. Jander, H. Wendt, and H. Hecht: Ber., 

F. Seel and H. Bauer: Z. Naiurfor$ck.. 2b, 397 ( nj 3 . Yollea: 

« J R088. J. H. Percy. R. L. Brandt, A. I. Gehhcrt. J. E. Mitcneu, 

Ind. Eng. Chem.. H, 924 (1942). 
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Liquid carbonyl chloride 

Treatment of solutions in liquid carbonyl chloride from the acid- 
base point of view has been discussed already (p. 324). The specific 
conductance of the pure compound is only of the order of 7 X 10"® 
ohm"S but other evidences already cited appear sufficient to indicate 
its autodissociation into carbonyl (CO'*'*) and chloride (Cl~) ions or 
into COCI COCI 2 + and Cl" ions. Although aluminum chloride is the 
only solute which has been studied in detail, other covalent chlorides 
such as those of iodine{III), arsenic(III), antimony, and sulfur are 
also soluble.** Further studies on this solvent are indicated. 

Selenium oxychloride 

Early studies on selenium oxychloride by Lenher** and Ray** have 
been expanded by Smith** and fitted into his concept of selenium 
oxychloride as a parent for a system of chemical compounds. That 
selenium oxychloride has a measurable conductance (2 X 10“* ohm"* 
at 25®C.) and that it yields chlorine at the anode upon electrolysis 
have been cited as evidence for its autodissociation, probably into 
(SeOCl-SeOCl,]+ and Cl" ions. 

Direct evidence for this mode of dissociation is lacking, but electrol¬ 
ysis of metal chloride solutions in selenium oxychloride yields chlorine 
at the anode and various cathode products, among them selenium(IV) 
oxide and 8elenium(l) chloride. Metals react with selenium oxy¬ 
chloride in a fashion which also supports this view, the reaction with 
copper being formulated as 

3Cu + 6SeOCl+ 3Cu+* + Se,Cl* -h 2SeO, + 2SeOCli 
3Cu+» + 6C1- 3CuCU 

The formation of solvates such as MCl4-2SeOClj (M = Si, Ti, Sn) or 
FeCl|-2SeOClj also supports this contention if such solvates are formu¬ 
lated as (SeOCl) 2 +*[MCUl-* or (SeOCl)j+*[FeCUl-». The sulfur(VI) 
oxide derivative has the characteristics of (SeOCl)+(SOjCl)". Sol¬ 
vates with electron pair donors such as pyridine and quinoline appear 
* to correspond to the formulations (CsHjN :SeOCl)'*'Cl“ and (CsHtN : 
SeOCl)+Cl". Solutions of such solvates in selenium oxychloride are 
conductors, and reactions of the neutralization type between them 
niay be followed conductimetrically. 

•* A. F. 0. Germann: Am. Chtm. Soc., 47, 2461 (1925). 

•♦V. Unher: J. Anu Ckem. Soc., iS, 29 (1921); 44, 1664 (1922). 

“ W. L. Ray; J. Am. Ckem. Soe., 46, 2090 (1923). 

•• G. B. L. Smith; Ckem. Revt., 23, 165 (1938). 
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Liquid nitrosyl chloride 

The comparatively high dielectric constant (18.2 at 12‘’C.) of liquid 
nitrosyl chloride as well as evidences of at least potential ionic char¬ 
acter in the compound (p. 597) suggest that it may function as an 
ionizing solvent. This is supported by its well-recognized tendency 
to form solvates with a variety of metal halides (p. 595). Not, how¬ 
ever, until 1948 were the electrolytic solvent characteristics of liquid 
nitrosyl chloride investigated.” Certain solvates, behaving as mono- 
nitrosylium salts (p. 595), dissolve readily as strong electrolytes to 
give highly conducting solutions. Among them are NOAICU, 
NOFeCU, and NOSbCU. Other such compounds, among them 
(NO)iSnCU, (NO):TiCl«, NOHSO*, were found to be insoluble, and 
(NOiSjO? behaved as a weak electrolyte. No indication of the stable 
existence of chloride ion (the base analog) has been obtained, and no 
acid-base reactions have been effected in this solvent. Further study 
is indicated. 

Liquid bromine trijluoride 

Studies on this most unusual solvent have been carried out from the 
acid-base point of view; they have been described in Chapter 9 (p. 
326). They indicate that liquid bromine trifluoride is an ionizing 
solvent. 

Liquid dinilrogen(iy) oxide 

The solvent behavior of liquid dinitrogen(IV) oxide has been con¬ 
sidered from the acid-base point of view (p. 325). Early consideration 
of this material as an electrolytic solvent** indicated that it has a 
very low specific conductivity (2 X 10“* ohm"‘ cm”') and dissolves 
only organic materials. Later studies,** ®* however, showed that cer¬ 
tain nitrosyl compounds yield nitrosylium (NO+) ions in the solvent 
and that nitrate ion may also exist. These views are supported by 
the acid-base behaviors already described (p. 325). Furthermore, 
solvolysis reactions occur in this medium, for example, 

(C2Hs) 2NH,C1 -b N 2 O 4 -> NOCl + [(C2H4)2NH2l +NOr 

The low conductance of liquid dinitrogen(IV) oxide, normal molecular 
weight in glacial acetic acid, and lack of decomposition by electrolysis 

A. B. Burg and G. W. Campbell, Jr.; J. Am. Chem. Soc., 70, 1964 (1948). 

** P. F. Frankland and R. C. Farmer: J. Chem. Soc., 79, 1356 (1901). 

»»C. C. Addison and R. Thompson: Nature, 162, 369 (1948). 

»®C. C. Addison and R. Thompaon: J. Chem. Soc., 1949, 211, 218. (Supp^- 

mentary issue No. 1.) 
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preclude any extensive autoionization process,** even though reactions 
in the solvent involve the solvent ions NO"*" and NOs". It is believed** 
that the pure compound is polar and that dissociation into ions will 
occur only when highly polarizing groups are added. Careful meas¬ 
urements have indicated liquid dinitrogen(IV) oxide to have a specific 
conductivity of 1.3 X 10-*“ ohm"* cm"* at 17°C., a dielectric constant 
of 2.42 at 18®C., and a molar polarization of 26.5 cc.®* ** Further 
studies again appear to be desirable. Anyone undertaking such 
studies should realize that this solvent is a very powerful oxidizing 
agent and is capable of reacting explosively with many reducing agents, 
particularly those of an organic nature. 

Fused mercuTy(II) bromide 

Although solvent characteristics are commonly limited to materials 
which are liquid at ordinary temperatures or slightly below, there is 
no fundamental reason for excluding higher melting substances. 
Studies conducted, for example, showed fused mercury(II) bromide to 
be markedly “water-like" in character.** *® The measurable specific 
conductivity (1.45 X 10“* ohm"* cm.-* at 243®C.) is attributed to the 
autodissociation reaction 

2HgBr2 HgBr+ -f HgBrj“ 

and many inorganic substances are soluble to give conducting systems. 
Neutralization reactions between acids such as mercury(II) sulfate 
and bases such as potassium or thallium(I) bromide can be followed 
conductimetrically, and many similar analogies to other solvent 
systems exist. 

ELECTRODEPOSITION REACTIONS IN NON-AQUEOUS MEDIA 

Several references have been made in the foregoing discussion to the 
electrodeposition of certain metals from specific nonaqueous solvents. 
At the present time practically no industrial importance has been 
attached to such reactions, but several of them are of sufficient poten¬ 
tial importance to merit consideration. Electrodeposition from aque¬ 
ous solutions is complicated by hydrogen discharge if salts of active 
metals are employed and by hydrolysis effects if compounds possessing 
covalent character are employed as solutes. Use of highly basic 

W. R. Angus, R. W. Jones, and G. O. Phillips: Nature, 164, 433 (1949). 

•* C. C. Addison, J. Allen, H. C. Bolton, and J. Lewis: J. Chem, Soc., 1961, 1289. 

•* C. C. Addison, H. C. Bolton, and J. Lewis: J. Ckem. Soe., 1961, 1294. 

•* G. Jonder: Angeu>. Chem., 62, 264 (1950). 

•* G. Jander and K. Brodersen: Z. anorg. Chem., 261, 261 (1950); 262,33 (1950). 
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solvents avoids the first of these complications and permits the deposi¬ 
tion of active metals which cannot exist in contact with water; use 
of highly acidic solvents avoids the second difficulty and permits the 
use of solutes which are themselves incapable of existence in aqueous 
media. 

Many of the aspects of electrodeposition from a variety of non- 
aqueous solvents have been reviewed by Audrieth and Nelson,** and 
detailed studies on the use of specific solvents such as ammonia,*’ 
formamide**' ** and acetamide,**- glacial acetic acid,*'’*- ‘“and acetic 
anhydride** have been reported. The stabilities of active metals in 
strongly basic solvents such as ammonia and the amines permit their 
deposition from such media. The deposition of lithium from lithium 
chloride solutions in anhydrous pyridine or propylamine and the 
deposition of metals such as aluminum and magnesium from solutions 
of their salts in ethanoiamine are typical examples. It should be men¬ 
tioned also that anhydrous ethylenediamine (dielectric constant = 
16.0 at 18®C.) has proved to be an excellent medium for deposition 
of sodium and potassium.^* The successful deposition of arsenic and 
antimony from acetic acid''*'- and acetic anhydride** and of certain 
of the rare earth metals as amalgams from ethanol solutions of their 
anhydrous chlorides””- may also be cited as being of both theo¬ 

retical and practical interest. Although some success has attended 
electrodeposition of beryllium from liquid ammonia and of aluminum 
from solv(*nts such as ethyl bromide and ether, further researches on 
the.se important metals are indicated. A report'®* of the successful 
deposition of aluminum from an anhydrous mixture of aluminum 
chloride and ethyl pyridiniura bromide in benzene or toluene seems 
very promising. It is only reasonable to conclude that any metal 
may be so deposited, provided a suitable solvent is employed. 


F. Audrieth, and H. W. Nelson: Chem. Revs., 8, 335 (1931). 

” L. F. Audrieth, and L. F. Yntcma: J. Phys. Chem., 34, 1003 (1930). 

»• H. R6hler: 2. m/rocArrn., 16. 419 (1910). . a. . a / 

••L. F. Audrieth, L. F. Yntcma, and H. \V. Nelson: Trans. Illinois Stale Aca 


Sri., 23, 302 (1931). . 

'‘’“L. F. YntPinaaiid L. F. Audrieth: J. Am. Chem. Soe., 62, 2f).>3 (1930). 

> 0 . L. F. Audrieth. U. E. Meints. and F,. E. Jukkola: Trans. llUnm, Stale Arml. 

.9a.. 24, 248 (1931). ca a-o nci-xi) 

W. Stillwell and L. F. Audrieth: J. Am. Chem. Soe., 64. 4«2 1^- 

L. F. Audrieth, E. E. Jukkola. and R. E. Meinta. with B S. Hopk.ns: J. Am. 

Chem. Sor., 63, 1805 (1931). . „ 

‘“‘E. E. Jukkola, with L. F. Audrieth and B S. Hopkins. J. Am. C i 

Wior and F. H. Hurlny (to Rice Inalitnte): U. S. Patent 2,t«,349, 
Aug, 3, 1948. 
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The Inert Gas Elements 


A systematic approach to the study of the chemical elements may 
take any of a number of courses. Regardless of the course which is 
followed, efforts must be made to bring out the overall relationships 
existing among the elements, the relationships existing within each 
family of elements, and the trends in properties characterizing these 
families. Not only is it important that this be done from the purely 
descriptive point of view, but it is equally important that some attempt 
be made, wherever possible, to associate trends and differences in 
properties with chemical principles, as developed in Part I of this 
book. The only approach which appears to offer an even reasonable 
promise in the successful achievement of such goals involves the 
atomic structures, or more exactly the electronic configurations, of the 
elements. The general classification of elements into inert gas, repre¬ 
sentative, transition, and inner transition types as discussed in Chapter 
3 (p. 102), provides one basis for such an approach, and it is from this 
general point of view that material in Part II of this book is presented. 
Since the inert gas elements are chemically the simplest, it is convenient 
to discuss them first. 


DEVELOPMENT OF THE CHEMISTRY OF THE INERT 

GAS ELEMENTS 


Historical developments leading to present-day information on the 
inert gas elements are of general interest. Information on these 
elements dates to an experiment performed by Cavendish in 1785 in 
which an electric spark was passed repeatedly through air containing 
excess added oxygen. After absorption of the product (NO,) in an 
alkaline solution, Cavendish found a small residual volume of gas 
which w^ neither nitrogen (phlogisticated air) nor oxygen (dephlogis- 
ticated air) and which amounted, in his words, to "not more than H 20 


‘ F. P. Gross: J. Chem. Education, 18, 533 (1941). 

o** ^ Hopkins: Chaplera in the Ckemutry of the Less Familiar Elements, Ch. 22. 
otipes Publishiug Co., Champaign, Illinois (1940). 

* M. Schofield: Science Progress, 86, 66 (1948). 
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part of the whole.” What Cavendish had actually isolated was, of 
course, a mixture of the inert gases, but his observations were not 
considered in their true light until some one hundred years later. 
Interestingly enough, his figures arc remarkably close to the volume 
contents of the inert gases in the atmosphere as we now know them. 

The observation, by Janssen in 18G8, of a new yellow' line, differing 
in position from the D lines of sodium, in the solar spectrum during an 
eclipse caused Frankland and Lockyer to conclude that the sun con¬ 
tained a new element, which they called helium (Greek helios, the 
sun). Hillebrand actually obtained a sample of this gas in 1889 by 
heating the mineral clevcite (a variety of uraninite) but was unable 
to characterize it as something different from nitrogen. It remained 
for Ramsay in 1895 to show this material to be identical w'ith Lockyer’s 
helium. 

Most developments in inert gas chemistry date from Lord Rayleigh s 
observation in 1894 that, although one liter of atmospheric nitrogen 
(freed from all known gaseous contaminants by chemical means) 
weighed 1.2.572 grams, one liter of pure nitrogen (prepared by the 
decomposition of a nitrogen compound) weighed only 1.2506 grams 
under the same conditions. This difference caused Rayleigh to suspect 
the presence of a previously unidentified element in the atmosphere, 
and in collaboration with Ramsay he soon isolated a new gas, which 
was called argon (= inert). The detection of helium in the atmos¬ 
phere in trace amounts by Kayser followed in 1895, and in 189^ 
Ramsay and Travers isolated another element, which they named 
neon {= new), by the fractional distillation of impure liquid argon. 
The less volatile fractions from liquid air were soon shown by the same 
workers to contain two other new elements, krypton (= hidden) and 
xenon (= stranger). The family was rendered complete by the 
discovery of radon (and its isotopes actinon and thoron) as a product 


of radioactive decay. . i > 

Two other significant developments in helium chemistry also men 

attention. The identity of ionized helium and the alpha 
was established in 1903 by Ramsay and Soddy, and in 1907 Cady 
and McFarland reported the presence of up to 1.84% helium by vo urn 
in certain natural gases, particularly those from certain parts of Kansa^ 
The chemical inertness of these elements suggested to early worn 
that they be included in the Mendcl^cff periodic table by an 
of that table to include a Group O. Their cla.ss.hcat.on in this fash 
strengthened the Mendel^eft views by providing ' 

between the highly electronegative halogens and the highly 


positive alkali metals. 
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PHYSICAL CHARACTERISTICS OF THE INERT GAS ELEMENTS 

The numerical properties of the inert gas elements are summarized 
in Table 11 1. From many points of view, the trends in such values 
for this group of elements may be regarded as almost ideal. Nearly 
linear relationships are apparent between variations in many of these 
properties and variations in atomic number or weight. Such a situa- 

TABLE IM 


Numerical Cosstants for Inert Gas Elements 


Property 

He 

Ne 

A 

Kr 

Xe 

Rn 

Atomic number 

2 

10 

18 

36 

54 

86 

Atomic weight 

4.003 

20.183 

39.944 

83.7 

131.3 

222 

Atomic radius (A) 


1.60 

1.91 

2.00 

2.2 


Density (g./ml.)(l«q) 

0.126 

1.204 

1.65(8) 

2.6 

3.06 

4.4 

Atomic volume (ml.)Oiq) 

31.77 

16.76 

24.21(8) 

32.19 

42.92 

50.46 

Melting point (^K.) 

0.9? 

24.43 

83.9 

104 

133 

202 

Boiling point (‘’K.) 

4.216 

27.2 

87.4 ■ 

121.3 

163.9 

211.3 

1 

Heat of fusion 







(kcal. /mole) 

0.0033 

0.080 

0.280 

0.341 

0.540 


Heat of vaporization 





1 


(kcal./mole) 

0.025 

0.405 

1.600 

2.240 

3.100 

3.600 

Ionization potential (ev) 







first electron 

24.58 

21.559 

15.755 

13.996 

12.127 

10.745 

second electron 

64.40 

41.07 

27.62 

26(ca.) 

21 (ca.) 


Ratio of specific heats 







(C,:C.) 

1.65 

1.64 

1.65 

1.69 

1.67 1 


Water solubility (ml./I. at 







20'C.) 

13.8 

14.7 

37.9 

73 

110.9 


Critical temperature (“K.) 

5.10 

44.4 

150.6 

210.5 

289.6 

377.5 

Critical pressure (atm.) 

2.26 

26.86 

47.966 

54.3 

58.2 

62.4 

Gas density (g./l. at S.C.) 

0.1785 

0.9002 

1.7809 

3.708 

5.851 

9.73 

Thermal conductivity at 







OX. (K X 10*) 

343 

111.2 

38.2 

21.2 

12.4 



tion arises because each inert gas atom possesses a stable electronic 
arrangement which is only slightly altered by environmental conditions, 
and as a result interactions among adjacent atoms are at minima. 
Each atom behaves, therefore, as if it were effectively isolated, and 
complications in properties are avoided. The trend in a given property 
with the inert gas elements, as atomic number or weight is altered, is 
often considered sufficiently ideal as to act as a basis for comparison of 
similar trends among other families of elements (e.g., p. 190). Indi¬ 
cated increases in atomic radius, density, atomic volume, and melting 
and boiling points and decreases in ionisation potential follow from 
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the discussions in Chapter 5. It should be pointed out that the ratio 
of specific heats (Cp:Cr) deviates in each case only negligibly from 
the ideal value of 1.067 for a monatomic gas. 

The boiling and melting points of the inert gas elements are very 
low in comparison with those of other materials of comparable atomic 
or molecular weights. That the inert gas elements liquefy or solidify 
at all is due only to the operation of van der Waals forces (p. 215), 
since all other types of attraction which might pull the atoms into 
comparatively fixed positions are absent. The fluctuating dipoles in 
the inert gas atoms, as produced by electronic motion, give only com¬ 
paratively weak attractive forces which can actually become operative 
only when molecular activity is so slowed by excessive decreases in 
temperature as to permit close approach of the atoms. Such solid 
phases of these elements as have been examined have close-packed 


cubic structures. 

Helium is unique among the elements in forming a true solid only 
under pressure, regardless of temperature. A minimum of some 25 
atm. pressure is required, and the melting point recorded in Table IM 
is an extrapolated value for this pressure. This condition doubtless 
arises from the very low \ an der Waals fon’Cs which would characterize 
an atom containing so few electrons and all in a completed quantum 
level. Liquid helium is also unique in that it exists in two forms, 
helium I and helium II. The phase relations existing with helium at 
low temperatures are indicated in Figure 11 1, transitions between the 
two liquid forms occurring along the so-called lambda (X) line. 

Helium I is a perfectly normal liquid, but the properUes of helium 
II are so unu.sual that some investigators have characterized this form 
of the element as a fourth state of matter. When liquid helium , 
which is boiling in a container, is cooled below the X-point, boilmg 
appears to cease, and the liipiid becomes nearly invisible. The transi¬ 
tion of helium I into helium II is accompanied by discontmiio 
changes in a number of physical properties, among them specific ea , 
viscosity, thermal conductivity, compressibility, and surface ' 

Other properties, among them structure and molecular re rac n . 
do not change, but with some, among them density, vapor ’ 

dielectric constant, and refractive index, changes in ~ 

cient occur at the X point. Liquid helium II is 
low visco.sity (ca, 0.001 that of hydrogen gas), by a ^ 
..onductivity (ca. 800 times that of copper a / 

l,y peculiar flow phenomena winch cause the (ilm mollin 

two concentric vessels to equalize hy flow m a snpei u ( 

fdm) up the walls of the more elevated container and o^cr P 
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the other, and by the so-called fountain effect in which the liquid sprays 
out of the end of a capillary when the lower end of the capillary is 

illuminated. 

Liquid helium II has an open structure containing many atoms in 
low energy states (superfluid of no viscosity), among which a few 
atoms in higher energy states (gas) move. Its behavior is essentially 
that of a liquid with gas properties, that is, of a so-called degenerate 



Fio. 11*1. Phase relations for helium at low temperatures. (Not drawn to scale.) 

gas. In the superfluid the energies of atoms have been so reduced that 
thermal motion has ceased, yet the interatomic forces are insufficient 
to cause solidification. It is of interest that only the isotope with mass 
number four shows these characteristics. * This is associated with the 
presence of an uneven number of particles in the three-isotope. The 
concentration of the latter isotope by its lack of superfluid character¬ 
istics has been mentioned (p. 49). For further details on the char¬ 
acteristics and nature of helium II, reference to available mono¬ 
graphs^*® and reviews^* * should be made. 

* Anon.: Chem. Eng. Nnoi, 27, 444 (1949). 

® E. F. Burton, H. G. Smith, and J. 0. Wilhelm: Phenomena at the Temperature 
of Liquid Helium. Reinhold Fubliahing CJorp., New York (1940). 

•N. H. Keesom: Helium. Elsevier, Amsterdam (1942). 

’ C. W. Hewlett: Oen. Elec. Reo., 49 (No. 7), 42 (1946). 

• 8. A. Weifisman: J. Chem. Education, 28,223 (1946). 
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CHEMICAL BEHAVIORS OF THE INERT GAS ELEMENTS 

Iti the ordinary sense of the word, the inert gas elements are chem¬ 
ically inert. Every attempt to make them combine to give compounds 
of the usual types by treatment with oxidizing or reducing agents has 
met with failure. The comparative stability of the inert gas type of 
structure is suggested by the complete pairing of all electrons present 
and the absence of any bonding orbitals (p. 17()); the existence of these 
atoms in stable energy states as evidenced by breaks in the Pauling 
type energy level diagram at these elements (p. 94); the peak ioniza¬ 
tion potentials and negligible electron affinities characterizing these 
elements (p. 155); and the existence of many ions with inert gas con¬ 
figurations (p. 174), as favored by the low ionization potentials of the 
elements immediately following the inert gases in atomic numbers and 
the high electron affinities of the elements immediately preceding 
them. 

In spite of these unfavorable conditions, certain instances of com¬ 
pound formation have been reported. However, the products pre¬ 
pared and the conditions necessary to their formation are unusual 
when compared with most chemical behaviors. The following situa¬ 
tions may be distinguished. 


Compound formation under excited conditions 

Except for a few isolated reports, studies of this type have been 
limited to helium. Unpairing the U electrons in the helium atom and 
promoting one of these to the 2s state should produce a condition 
giving chemical activity. This operation requires some 460 kcal. oi 
energy per gram atom and can only be realized spectroscopically or 
under conditions of electric discharge or electron bombardmen . 

Under such conditions, resonance effects (pp. I, 

cient so that attractive forces result. lu discharge tubes the hehum 
molecule ion, He A a three^lectron bonded spec.es (p^ 213), ^a^^ 
hydrogen helium combinations of the types He * ^y 

b^n recognized. In a glow discharge a comparatively stable mercu y 
Wide (HgHe.„) has been formed,- and ^l-tron bombardment^of tung^ 

sten in an atmosphere of helium has apparen y y. 

helide WHej.^® Evidences for the formation of helides 

Llh as bismuth, thallium, indium, zinc, sodium, potassium, rubidium. 

. J. J. Manley: U4. 861 (1924); U5. 947 (1925). />A.^ 

^ i» E. H. Boomer: Nature, 116, 16 (1925). 
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platinum, palladium, iron, uranium, iodine, sulfur, and phosphorus 
have also been presented.'”’ “ Such products are uniformly unstable. 

Certain metals, when employed as electrodes in discharge tubes con¬ 
taining inert gases, appear to absorb apparently stoichiometric quan¬ 
tities of these gases, and thereby have their densities decreased and 
their solubilities in acids altered. Among the comparatively stable 
products reported are those the compositions of which are represented 
by the approximate formulas PtjHe, FeHe, PdHe, BiHe, FeA, etc.'* 

Of these, the material PtjHe has been most thoroughly studied. This 
substance has a fixed decomposition temperature; gives an x-ray dif¬ 
fraction pattern characteristic of an amorphous substance; possesses 
a different density, acid solubility, and electrical resistance from plati¬ 
num; and is not decomposed when its amalgam is attacked by nitric 

acid. ^ 

Compound formation by interstitial penetration 

Although no data are available to support or deny this possibility, 
it is not unlikely that many or all of the “compounds” discussed in 
the preceding section are interstitial alloys comparable with the 
metallic hydrides (pp. 411-415). 


Compound formation through coordination 

Inasmuch as each inert gas atom possesses free electron pairs, ^ 
such atoms might conceivably act as donors provided a sufficiently 
powerful electron pair acceptor is present. If such a condition did 
pertain, the largest inert gas atoms should show the property to the 
greatest extent. The only work lending any support to such a postula¬ 
tion is the thermal analysis study on the system argon-boron trifluoride 
carried out by Booth and Willson.*® Freezing points, determined 
under pressures of up to 40 atm. for a variety of mixtures of known 
compositions, when plotted against the mole composition yielded a 

“ H. Krefft and R. Rompe: Z. Physik, 73, 681 (1932). 

** H. Damianovich: AnaUi inat. invest, dent, y Uenol., 3-4, 20 (1934). 

** H. Damianovich and J. Piazzo: AnaUa irwf. deni, y tecnoL, 3-8, 64, 62, 

66 (1934-36). 

** H. Damianovich: Analea soe. dent, argeniina, 110, 227 (1934); 120, 98 (1935). 

“ H. Damianovich and J. Piazzo: Analea aoc. dent, argentina, Secddn Santa Fi. 
7, 57, 59 (1936). 

H. Damianovich: AnaUa aaoe. futm. argeniina, 24, 141 (1936); 26, 249 (1938); 
27, 64 (1939). 

" H. Damianovich: Bull. soc. chim. 15), 6, 1085 (1938). 

‘•H. Damianovich and G. Berraz: Rev. hradl. chim., 6, 71 (1938). 

**II. Damianovich and C. Christer: Rev. bradl. chim., 8, 72 (1938). 

« H. S. Booth and K. S. WUIaon: J. Am. Ckem. Soc., 67, 2273, 2280 (1935), 
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curve with maxima corresponding to compounds containing 1, 2, 3, 
6, 8, and 16 moles of boron trifluoride to 1 mole of argon. Compounds 
of the type A-j-BFs where j = 1, 2, or 3, were easily formulated by 
Booth and Willson in terms of the argon atom donating 1, 2, or 3 
electron pairs, respectively. However, when x = 0, 8, or 16, it was 
necessary to postulate that fluorine in boron trifluoride might also 
serve as a donor to another boron, giving structures of the type 



the material A-SBFj being chosen as typical. 

Such structures must be regarded with skepticism, particularly in 
view of the fact that pure boron trifluoride itself sliows no tendency 
to polymerize regardless of temperature. The donor al^ility of the 
argon atom would be expected to be low even under optimum condi¬ 
tions. Since boron trifluoride has no permanent dipole moment 
attractions of the type discussed in the next section are also 
ruled out. Parallel studies on the krypton-boron trifluoride system 
have given no evidences of compound formation, even though it 
might better be expected in this system. A reinvestigation of the 
argon-boron trifiuoride system by the same authors** indicated com¬ 
plete immiscibility of the reactants under conditions comparable with 
those used by Booth and Willson and gave no evidences of any com¬ 
pound formation. What then do the maxima obtained by Booth and 


Willson indicate? . . 

It should be pointed out that all these temperature variations lay 

in only a very narrow range ( —127®C. to — 133‘’C.) and that t e use 

of high pressures rendered the system difficult to handle experimentally. 

Perhaps, as Wiberg and Karbe indicate, these maxima represent merely 

the freezing point of the boron trifluoride phase (f.p. of pure Bl^i 

^ 127 1 ) 

It is of interest that Wiberg and ICarhe were unable to obtain evi¬ 
dences for compound formation between xenon and d'hora'ie ' 
methyl boron, sulfur dioxide, hydrogen sulfide, dimethyl ether, 

methanol. 


E. Wiberg tin«l 


K. Karbe: Z. onorg. 


Chem., 366, 307 (1948). 
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Compound formation through dipole-induced dipole attract 
tion 

In the presence of a sufficiently strong dipole, an inert gas atom may 
become so polarized as to function as a dipole itself and thereby attract 
the original dipole (p. 187). Such forces are very weak, and any 
compounds formed in this fashion would be expected to be rather 
unstable, although perhaps more stable than those of the types men¬ 
tioned above. Since ease of inducing a dipole would increase with the 
size of the inert gas atom, the heavier inert gases, particularly radon, 
would be expected to yield compounds of the greatest stabilities. 


TABLE 11 2 

Stabilities of Inert Gas Hydrates and Dkuterohydratks 


Inert 

Gas 

Hydrate 

Deuterohydratc 

Formation 

Dissociation 
Pressure, atm. 

Dissociation 

Pressure 

He 

None at several thousand 
atmospheres 



1 


Ne 

A 

None at 260 atm. 

150 atm. at 0“C. 

98.5 (0“C.) 

210 (8“C.) 




Kr 

14.5 atm. at O'^C. 

14,5 (O.rC.) 

1 (-25. rc.) 

Xe 

Rd 

1+ atm. at 0®C. 

1.15 (0.1*C.) 

1 (0*C.) 

1 (- 3.2“C.) 




The inert gas hydrates” ** and deuterohydrates** are classic exam¬ 
ples of this type of attraction. These compounds have the general 
formulas G'xHjO and G'j/DjO, with x and y approaching 6 but 
becoming equal to this number only with the heaviest inert gases. 
These compounds result when water (light or heavy) and the inert 
gas are brought together under pressure at low temperatures. They 
are crystalline compounds, the stabilities of which decrease rapidly 
from the radon compound down through the argon compound. As 
might be expected, the small and difficult to polarize neon and helium 
form no such compounds, at least under readily attainable conditions. 
The relative stabilities of the hydrates are indicated by the data in 
Table 11-2. The hydrates crystallize well in the presence of isomor- 

** P. ViUard: Compt. rend., ISS, 377 (1896). 

MR.de Forcrand; Compt. rend., 186, 959 (1902); 176, 355 (1923); 181,16 (1925). 

M M. Godchot, G. Cauquil, and R. Calaa; Compt. rend., 202, 795 (1936). 
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phous sulfur(IV) oxide f>-hydrate {S02-6H20),“ and, by use of care¬ 
fully controlled pressures, separation of the inert gases, especially 
radon and argon, has been effected through formation and decomposi¬ 
tion of the hydrates.-® The increase in water solubility with atomic 
number in this family of elements (Table 11-1) is apparent from these 
considerations. 

Other instances of this type of attraction have been reported, the 
most striking being the formation of phenol derivatives, Kr-2C6HiOH, 
Xe-2C«H60H, and Rn ^CeHsOH, isomorphous with the hydrogen sul¬ 
fide derivative, HjS ^CcHiOH.” The xenon and krypton compounds 
have dissociation pressures of 1 atm. at 4®C. and 6 to 10 atm. at 0®, 
but the radon compound melts at 50®C. Similar attempts to prepare 
radon compounds of the type Rn-AlCU or Rn-AlBrj by formation of 
HjS-.VlCla and HaS AlBra in the presence of radon have been unsuc¬ 
cessful,^® although the solid phases were found to contain very small 
percentages of radon. At low temperatures and pressures, crystals 
of hydrogen chloride, hydrogen bromide, hydrogen sulfide, sulfur(I\) 
oxide, carbon(lV) oxide, and acetone all collect radon in appreciable 
percentages.-^ The hydrogen chloride material is of sufficient stability 
to permit removal of radon from argon and neon through its formation. 
The work of Wiberg and Karbe” casts doubt upon conclusions that 
true compounds are formed under these conditions. It is of interest 
also that lithium jons tend to form clusters with inert gas atoms of 
the type Li+-nG (n = 1 or 2).« The stabilities of such aggregates 
and the (juantities of gas held increase with increasing size of the inert 
gas atoms. Potassium ions do not e.xhibit comparable properties. 

Compound formation by physical trapping 

The formation of so-called clathrate compounds by the physical 
trapping of one component In the crystal lattice of the second ^^""8 
the formation of that lattice has been considered (pp. 223-224). 
Although no positive evidence is available in support or denial o t e 
possibility, it is conceivable that at least some of the combinations 

described in the preceding section may be of this type. 

Such cage compounds have been prepared by the crystallization o 

benzene or aqueous solutions of quinol which were subjected to high 


B. A. Nikitin: Z. anorg. aUgtm. Chem., 227, 81 (1936). 

» B. A. Nikitin: Gen. Chem. {U.S.S.R.). 9, ..q. 

B. A. Nikitin: Compt. rend. acad. sci. U.R.S.S 24, 5*^2 (193 ). 
t» B. A. Nikitin and E. M. Joffe: Doklady Akcd^ Sank. S. 5 S.R^, - 

n R. J. Munson and K. Hoselitz: Proc. Roy. Soc. (London). A172. 43 (IJi^) 
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pressures of argon, krypton, or xenon.»“-»> With argon, crystalliza¬ 
tion under 40 atm. of argon pressure yielded a product containing 
about 9% argon by weight and corresponding to the composition 
3 quinol Ao s- Corresponding krypton and xenon compounds con¬ 
tained 15.87o and 26%, respectively, of the inert gases by weight. 
These materials represent examples of a broad group of quinol clath- 
rates of general formula ca. 3 quinol X. 

OCCURRENCE AND TECHNICAL RECOVERY OF THE INERT GAS 

ELEMENTS 

The atmosphere is the only known source of all the inert gases 
(except radon). Some concept of the relative abundances of these 
components as compared with those of the commoner atmospheric 
gases may be gained from the data***’ in Table 11*3. Helium is 


TABLE 11*3 

Charactebistics of Atmospheric Gases 


Gas 

Composition of the Atmosphere 

Boiling 

Point, 

•K. 

Melting 

Point, 

*K. 

By Volume 

By Weight 

N, 

78.03% (1:1.3) 

’ 1 lb. in 1.32 lb. 

77.2 

63 

0, 

20.99% (1:4.8) 

4.3 lb. 

90.1 

54.4 

A 

0.94% (1:106) 

77 lb. 

87.4 

83.9 

CO, 

0.03l%* (1:3220) 



217 (5.3 atm.) 

H, 

0.01%* (1:10000) 

7.18 tons 

20.33 

13.95 

Ne 

0.0015% (1:65000) 

44 tons 

27.2 

24.43 

He 

0.0005% (1:200,000) 

725 tons 

4.216 

0.9(7) 

Kr 

0.00011% (1:1,000.000) 

173 tons 

121.3 

104 

Xe 

0.0000097« (1:11,000.000) 

1208 tons 

163.9 

133 


• Variable. 


found as a not too uncommon component of natural gases, particularly 
in some regions in the Southwest of the United States, where concen¬ 
trations up to 7 to 8% have been reported. Its presence in such 
natural gases may be due to the entrapment of helium released by 
radio-active decay down through the ages. Certain minerals of a radio¬ 
active nature (e.g., pitchblende, cleveite, thorianite, monazite, fergu- 
sonite, carnotite, samarskite, and euxenite) also contain entrapped 

*®H. M. Powell and M. Outer: Nature, 164, 240 (1949). 

« H. M. Powell: J. Ckem. Soc., 1960, 298, 300, 468. 

” Anon.: Chem. Eng., 64 (No. 3), 126 (1947). 
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helium. The presence of other inert gases in waters and minerals is 
believed to be due to contact with the atmosphere. Radon is pro¬ 
duced in small amounts (because of short half-life) by radioactive 
decay of radium (pp. 65. 918). 

The recovery of the inert gas elements from the atmosphere is based 
upon a complex liquefaction and rectification process.’-” A com¬ 
parison of boiling point data (Table 11 -3) shows that the most volatile 
fractions will contain nitrogen, neon, and helium, whereas oxygen, 
argon, krypton, and xenon will concentrate in the residual liquid. A 
sucotid fractionation of the less volatile portion yields argon of approxi¬ 
mately 50% purity, which is then freed of residual o.xygen by burning 
with hydr<jgen and passing over hot copper-copper oxide. Removal 
of nitrogen, o.xygen, and water vapor then yields helium-neon and 
krypton-xenon mixtures. These may be separated further by con¬ 
tinued fractionation or by selective adsorption on activated charcoal. 
The latter process takes advantage of the fact that, although at 
— 190®C. neon, argon, kyrpton, and xenon are all adsorbed and 
helium and hydrogen are not, at — 100®C. only argon, krypton, and 
xenon are adsorbed. Combinations of sorption and desorption at 
various temperatures are employed. Neon, argon, krypton, and 
.xenon are all available commercially as products of the fractionation 
of lic|uid air. 

Originally such helium as was recovered was obtained from minerals 
such as rnonazitc cither by heating directly to 1000 to 1200*0. in a 
vacuum .system or by decomposing the mineral with sulfuric acid or 
potassium acid sulfate and then heating. Such a process was obvi¬ 
ously incofivenient and very costly. Discovery of helium in natural 
gases was followed during World War I by a large-scale government- 
controlled (I'nited States) development of methods of recovery. This 
program has been expanded until the yearly production of helium is 
measured in the tens of millions of cubic feet (e.g., over G3 million in 
19-10). The process employed” involves removal of carbon dio.xide 
and then moisture and some of the higher hydrocarbons by chilling, 
Further reduction in temperature is then used to remove other hydro¬ 
carbons and nitrogen, and a final cooling to -190* under pressures of 
some 2500 lb. per in.* liquefies the remainder of the nitrogen and per¬ 
mits withdrawal of helium of above 987o purity. Further purification 

is effected as desired. 

Such small (luantities of radon as are required for therapeutic p - 
poses may be obtained by pumping the gas off acidified solutions of 
radium chloride and removing hydrogen and oxygen by exp ^ - 

>* StewHft; r. S. Bur. .Mines Inf. Cirr. 6746 (1933). 
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Suggested Supplementary References 

carbon dioxide and water by use of potassium hydroxide and phos- 
phorus(V) oxide, and nitrogen and helium by freezing out the radon.** 

APPLICATIONS OF THE INERT GAS ELEMENTS 

Helium has been used most extensively in balloons and dirigibles 
where its non-inflammability makes it preferred to hydrogen. Because 
of its lesser solubility than nitrogen in the blood stream, helium has 
also been employed in admixture with oxygen by divers and others 
working under high pressures. Helium has also been employed to 
provide inert atmospheres for handling active metals and welding 
them, and it is of inestimable scientific value in attaining and main¬ 
taining extremely low temperatures. Neon is chiefly useful in dis¬ 
charge tubes used for illumination and decorative lighting. The 
familiar red color obtained when an electric discharge is passed through 
a tube filled with neon may be modified by the introduction of other 
inert gases or mercury and by the use of colored glass.* Neon-filled 
lamps have a variety of electrical uses, the familiar stroboscope being 
one. Argon is used extensively in gas-filled incandescent lamps, where 
its lower thermal conductivity and complete chemical inertness render 
it preferable to nitrogen in prolonging the life, and increasing the 
efficiencies of such bulbs. Argon is also used as a filler for other types 
of bulbs and display tubes and in providing inert atmospheres. Many 
Geiger counting tubes contain argon. Krypton and xenon, because 
of their rarity, have been used only to a limited extent. However, 
they are reported to be even more efficient than argon in incandescent 
lamp bulbs and would probably be better than argon in counting tubes. 
A krypton-xenon photographic flash tube has proved to be very suc¬ 
cessful for the taking of instantaneous exposures. Radon has been 
employed medicinally in the treatment of malignancies and also, 
because of its radioactivity, has shown some promise as a substitute 
for x-ray in industrial radiography. 

SUGGESTED SUPPLEMENTARY REFERENCES 

N. V. Sidgwick: The Chemical Elemcnls and Their Compoundc, pp. 1-10. Claren¬ 
don Press, Oxford (1950). 

Gmelin’s Handbuch der anorganisehen Chemie, Systcm-Nummer 1. Vorlag Chemie 
G. m.-b. h., Leipzig-Berlin (1926). 

B 8. Hopkins: ChapUra in the Chemistry of the Leas Familiar ElemenU, Ch. 22. 
Stipe-s Publishing Co., Champaign, Illinob (1940). 

J. A. T. Dawson: J. Sei, Instruments, 28, 138 (1946). 
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In many respects hydrogen is unique among the elements. Like 
tlie atoms of the alkali metals, the hydrogen atom is characterized by 
a single valence electron; but, unlike the alkali metal atoms, it shows 
little tendency to lose this electron in chemical reactions and a great 
tendency to pair it to form molecules (e.g., H?, HCl, etc.). Like the 
atoms of the halogens, the hydrogen atom lacks one electron of pos¬ 
sessing a completed inert gas structure, but, unlike the halogen 
atoms, its electronegativity is so small that it can gain an electron only 
from the most electropositive metals. In many respects, hydrogen 
resembles the metallic elements, particularly in so far as the reactions 
of its solvated cation compare with those of other solvated cations; 
yet the majority of its properties and those of its compounds are prop¬ 
erties of non-metallic materials. Although these apparent anomalities 
in behavior are reconcilable in terms of the unusual structure (single 
electron directly outside the nucleus) of the hydrogen atom and its 
small size, they have produced no end of difficulty in the systematic 
classification of hydrogen. Some periodic arrangements place hydro¬ 
gen with the alkali metals; others with the halogens. The latter 
classification is the better because it agrees more nearly with the 
general properties of the element. Hydrogen, together with helium, 
is an introductory element to the entire periodic classification. n 
this basis, it might be better, even to consider these two elements 
apart from all the others and not to attempt to relate them closely to 

the others. 

Because of the many unique aspects of hydrogen chemistrj-, it 
probably been studied more thoroughly than any other single elemen . 
Accordingly, in this book a proportionally greater amount of space 
is devoted tv it than to any other element, and a greater vane y 

topics are covered. 

VARIETIES OF HYDROGEN 


Hydrogen isotopes 

Three isotopes of hydrogen are known. They ha^ m^ number 
of 1 2 and 3, with corresponding atomic masses of 1.008123, 

' ’ 386 
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3.01707; they are called hydrogen (occasionally protium), deuterium 
(D), and tritium (T), respectively. Only the first two are found in 
detectable amounts in nature, the respective relative abundances 
being 99.9844% and 0.0156% (p. 911). Tritium is an unstable species 
which is produced by nuclear transformations (p. 394). Its presence 
in nature has been disputed, but more recent data*-’ indicate the 
natural ratio of light hydrogen to tritium to. be of the order of 10””^* 
to 1. 

Since ordinary hydrogen is almost entirely the isotope of mass 
number 1, its properties are essentially those of that isotope. The 
proportionally tremendous mass differences among the three hydrogen 
isotopes produce differences in both physical and chemical behaviors 
which are much more pronounced than those existing among isotopes 
of other elements (pp. 40-52). It is probably for this reason that 
the behaviors and characteristics of these materials have been explored 
so thoroughly. 

Deuterium and Its Compounds. As has been indicated in Chapter 
2 (p. 33), differences between chemical and physical atomic weight 
values for ordinary Hydrogen led to prediction of the existence of an 
isotope of mass number 2. Although Allison and coworkers reported 
discovery of this isotope in 1930,^ the apparently questionable 
validity of results obtained by the magneto-optic method used has 
caused credit to be withheld. Late in 1931, Urey, Brickwedde, and 
Murphy^ found in the spectrum of the small amount of residue remain¬ 
ing after evaporation of a large volume of liquid hydrogen two faint 
lines, the wavelengths of which were in exact agreement with those 
calculated for Balmer series lines (p. 81) for a hydrogen isotope of 

mass number 2. This was undeniable evidence for the existence of the 
isotope. 

Investigations relating to deuterium and its compounds were greatly 
accelerated by the discovery® that, when water is electrolyzed under 
suitable conditions, the lighter hydrogen isotope is liberated roughly 
six times more readily than the heavier one. In the hands of Lewis 


> M. L. Eidinoflf; J. Chem. Education, 16, 31 (1948). 

113,^ ^ Wolfgang, and W. F. Libby; Science, 

! J- Am. Chem. Soc., 62, 3796 (1930). 

(1931)^ A. L. Sommer; Phys. Rev., 37, 1178 

(1932).^’ Murphy: PhyB. Rev., 39, 164. 864 

*E. W. Washburn, and H. C. Urey: Proe. NaU. Acad. Sci., 18, 496 (1932). 
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and MacDonald,’ this procedure was soon shown to be very effective, 
and others obtained comparable results. Of the procedures applicable 
to the separation of deuterium as outlined in Chapter 2 (pp. 40-52), 
electrolysis remains the best. 

The procedure, as it is commonly carried out, has been described 
in detail by Taylor, Eyring, and Frost.® Using as starting material 
water distilled from electrolyte which had accumulated in commercial 
electrolytic hydrogen cells (and had thereby been somewhat enriched), 
electrolysis was carried out in seven stages, using 0.5 N sodium 
hydroxide solutions and nickel electrodes. In the first stage, the total 
volume was reduced to about one-sixth the original. The alkali was 
then neutralized with carbon dioxide, and the water distilled, the dis¬ 
tillate being added to a further group of cells where the composition 
was the same. After three successive electrolyses, the deuterium 
content of the water had increased to such an extent that the released 
gases contained appreciable quantities of the heavy isotope. Accord¬ 
ingly, such gases were burned, and the condensed products were 
returned to appropriate stages in the electrolysis. Deuterium content 
in residual samples of water was estimated from the specific gravity 
(p. 393). As representative of data obtained for such a seven-stage 
electrolysis, one may cite the figures given in Table 12-1. Large-scale 


T.MJI.E 12 1 


CoNCE.'iTRATION Of DECTF.BII'.M BV ELECTROLYSIS^ 



Volume Kleetrolyzcd 

Specific Gravity 

% DiO in 

Stage 

(start) 

(//j®) of Residue 

Residue 

1 

2310 liters* 

0.908 

• 1 4 4 

2 

340 liters 

0.999 

0.5 

3 

52 liters 

1.001 

2.5 

4 

10.15 liters 

1.007 

8 0 

5 

2 liters 

1.031 

30,0 

6 

420 ml. 

1.098 

93.0 

7 

Sii ml. 

1.104 

99.0 


• D:H about 1 ::J000 due to previous cnrirlunent. 


installations for ihc commercial preparation of either pure deuterium 
oxide or water enriched in deuterium oxide, such as those m Norway, 

employ the same general procedure. i j _ 

The electrolytic separation of the hydrogen isotopes may ^ 
.scribed in terms of a separation factor $, (p. 39), which is define as 


7 G. N. Uwis, and K. T. Ma.-Donal.l: J. Chen. FhyK.. 1, 

« H. S. TayUT. H. Eyring. and A. A. Frost: J. Chem. Phys 1, 823 1933). 
» A. Farkas: Orlhohydrogen, Parahydrogen, and Heavy Hydrogen, p. 
bridge University Press, I»ndon (1935). 



C/i. 12 


Hydrogen Isotopes 

8 = [(H)/(D)UA(H)/(D)]u,«id 


389 


( 12 - 1 ) 


where (H) and (D) are the respective concentrations of light and 
heavy hydrogen. The change in isotopic concentrations is related 
to the initial and final volumes of solution, Vq and V, as* 


( 12 - 2 ) 


where (H)o and (D)o arc the initial concentrations and (H) and (D) 
the final ones. With a separation factor of 5, and an original normal 
deuterium content of about 0.02%, a reduction of some 130,000 
volumes of water to 1 volume would be necessary to produce 99% DjO. 

Although the separation factor is essentially independent of deu¬ 
terium concentration, it does vary markedly with the nature of the 
cathode employed and the pH of the electrolyte. Comparative 
studies^* indicate higher values for a given cathode in alkaline media 
than in acidic. In alkaline solutions, values between 6 and 8 are 
obtained for lead, platinum, iron, and copper cathodes, efficiency 
decreasing roughly as Pb > Fe > Pt > Cu, etc. 

The mechanism of the electrolytic process remains somewhat 
obscure. It seems probable that differences in the rates of reduction 
of HjO and DjO combine with lower activational energy for the reac¬ 
tion H + H—► Hj and with the exchange reaction HjO + HD 
HDO + Hj to produce preferential liberation of the light isotope. 
It is significant that the electrolytic process concentrates tritium as 
well but is of no consequence in effecting other isotopic separations 
(p. 49). 

As might be expected, the physical properties of deuterium are 
somewhat different from those of light hydrogen. A few of the com¬ 
moner physical constants have been collected for comparative pur¬ 
poses in Table 12’2. Those applying to the molecular gas are for the 
normal forms and not for separated ortho and para forms (pp. 395-398). 
For more comprehensive treatments of physical properties and detailed 
references to sources, other accounts should be consulted. 



” B. Topley and H. Eyring: /. Ckem. Phy$., 2, 217 (1934). 

" A. Farkaa: Orthohydrogm, Parahydrogen, and Heavy Hydrogen, pp. 127, 131. 
(Abridge University Press, London (1935). 

“ Ibid., pp. 142-175. 

‘*E. B. Msxted: Modem Advancee in Inorganic Chemialry, Ch. II. Clarendon 
Press, Oxford (1947). 

P. W. Selwood: J. Chem. BducaHon, 18, 515 (1941). 
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Chemically, deuterium enters into all the reactions characteristic of 
ordinary hydrogen and forms completely equivalent compounds. 
However, the large mass and zero point energy differences (p. 49) 
between the two isotopes render rates of equivalent reactions and the 
positions of equilibrium points in equivalent reactions considerably 
different. In general, deuterium reacts more slowly and less com¬ 
pletely than its lighter analog, and these properties characterize 
the behaviors of corresponding compounds as well as the elements 
themselve.s. 


T.4BLE 122 

Physical Constants for Hydrogen and Deuterium 


Property 

Hydrogen 

Deuterium 

Triple point, "K. 

13.92 

18.71 

Boiling point, ^K. 

20.38 

23.59 

Lfitciit heat of fusion, cal./mole 

28.0 

52.3 

Latent heal of vaporization or sublimation, 

oal./mole at 18 58®K. 

218.7 Oiquid) 

355.4 (solid) 

at \:i 92®K. 

245.7 (solid) 

340.8 (solid) 

V^Apor pressMr<\ mni. nt 

13.02q<. 

54 

5.8 

18 7rK. 

458 

130 

20 38°K. 

700 

250 

23.59“K. 

1740 

760 

Zero point enc'rgy 

6170 (for H,) 

4387 (D,) 


For example, deuterium is more slowly sorhed on metallic surfaces 
than hydrogen. In catalytic hydrogenation processes, deuterium 
reacts more slowly, although the general courses of the reactions are 
the same. With the halogens, e.g., bromine, reactions with deuterium 
possess somewhat higher energies of activation. Similar results are 
obtained for reactions with nitrogen. In the hydrolysis of aluminum 
carbide at SO^C., ordinary water forms methane very rapidly whereas 
deuterium oxide yields deutcromethane with striking slowness. 6 
fermentation of glucose proceeds more slowly in heavy water than m 
light water. Numerous other reactions yielding comparable resu s 

have been recorded. _ 

By far the greatest amount of information on the chemical benavio 

of deuterium has come from a study of e.xchange reactions, i.e. reac¬ 
tions in which one or more deuterium atoms trade places with ligh 
hydrogen atoms in some ion or molecule. Gaseous molecular deu e- 
rium docs not enter into such reactions particularly readily, but atomic 
deuterium will. Similarly, e.xchange will often occur in ‘be pre^nce 
of an hydrogenation catalyst. Usually, however, such reactions ha 
been brought about by contact between the material and gaseous o 
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liquid deuterium oxide. The Uterature of such exchange reactions is 
so complex”- ” that only a few systems need be treated here. 

Atomic exchanges of the types 

D + + HD 

and 

nD + HnX;=±nH + DnX 

where H,X is HjO, NHj, or CH 4 , have been studied. Correspond¬ 
ingly, catalytic exchanges such as 

D, + HjO DjO + Hi 

(see p. 51 as regards separation by this means) and 

3 Dj ■}- CflHe ^ CeDe + 3H2 

both in the presence of platinum black, have been recorded. On the 
other hand, a variety of hydrogen compounds undergo exchange when 
treated with deterium oxide (or HDO). Such reactions depend upon 
the presence of labile hydrogen and occur whenever the compound in 
question yields even a slight concentration of hydrogen ions in contact 
with the water solution or possesses a fair degree of polarity in bonds 
involving hydrogen. Thus ammonium salts undergo exchange in 
contact with deuterium oxide, presumably in stepwise fashion as 

DiO DtO DiO DtO 

NH 4 +-► NH,D+-► NH*D,+-► NHD,+-» ND 4 + 

and organic substances such as alcohols, phenols, and carbohydrates 
exchange hydroxyl hydrogens for deuterium. A number of such cases 
are summarized in Table 12-3.” Although exchange reactions are 
equilibria, they are very useful in elucidating the mechanisms of reac¬ 
tions and in tracing the course of hydrogen in a variety of reactions 
because of the labeled character of deuterium. 

Of the deuterium compounds, the oxide (DjO or heavy water) has 
been the most extensively studied. In Table 12-4 a number of the 
physical constants of ordinary water and deuterium oxide are com¬ 
pared. Certain of these properties are fairly apparent; others require 
comment. On the basis of a lower value for dielectric constant, deu¬ 
terium oxide would be expected to be the poorer electrolytic solvent. 
This appears to be true. The reduced ionic mobilities in deuterium 
oxide cited are typical as are the reduced solubilities. These differ¬ 
ences are all differences of degree rather than of kind. 

*‘A. Farkas: Orthohydrogm, Parahydrogen, and Heavy Hydrogen, pp. 176-201. 
Cambridge Univeraity Press, London (1935). 
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Like ordinary water, deuterium oxide adds to salts and other com¬ 
pounds to give materials of the hydrate type, i.e., deuterohydrates. 
Such examples as CuSOroDjO, NasSO4'10D2O, CoCi2-6D20, and 
Kr-GDaO (p. 381) may he cited to show comparisons with normal water. 
Deuterohydrates have slightly lower equilibrium vapor tensions than 
corresponding hydrates at the same temperatures and are charac¬ 
terized by somewhat lower heats of hydration. Otherwise they are 
comparable. 


Material 
Benzene, C*H« 
rilurosc 
Sucrose 


TABLK 123 

Hxchvnok Reactions I.vvoi.vino DjO 

Ohs(Tvati«)n 
No exchange 

Exchange of hydroxyl hydrogens 


Acetone, CILCOCHi 
Acetylncctone, 
CHjCOCHjCOCH, 
Hydrogen peroxi‘W, HjO, 
Amnioniinn salts, NH<* 
Hexnniniinc cobaltdll) 


Exchange of all hydrogen.s in alka¬ 
line medium 

Exchange of l>oth hydrogens 
Exchange of all hydrogens 
Exchange <)f nil hydrogens 


ion, lCo(XHj)f.r* 

Hypophosphite ion, No exchange 

H,BOr 


Comment 


Due to enolizR- 
tion 


Supports the 
structure 

H 


H : P : 0 : 



A<’etate ion, CzHjOi 
Acetylene, CjHi 


No exchange 

Exchange of both hydrogens in 
alkaline lucdiuin 


Shows acidic 
nature of 
=C-H 


Deuterium oxide enters into all the reactions of ordinary water, 
and because of its normal ready availability is often useful m t e 
preparation of other deuterium compounds. Thus metal dcuteroxi os 
(containing the -CD group) result from action of the corresponding 
oxides on deuterium oxide, whereas oxy-dcuterium acids (e.g., o 
DjPOi), may be prepared by treating the corresponding an 
with heavy water. Dev.teroammonia may he obtained ^ ^ 

or by action of deuterium oxide on magnesium nitride and deutc 
acetylene (C,D,) by an analogous reaction involving ™ ^ 

In like manner, deuterium sulfide results when anhydrous aljinnm 

sulfide is treated with heavy water. Deuterium 

obtained readily by reacting the oxide with ‘f ''“hey 

certain deuterium compounds have been obtained in this fashion, they 
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may be used to prepare other derivatives. For exampk. volatile 
acids (as DNO*) may be liberated from their salts with deuteroaul- 
furic acid, and deuterium peroxide may be obtained from a peroxide 
and deuterosulfuric acid. These deuterium compounds resemble the 
corresponding hydrogen compounds closely but are characterized by 


TABLE 12 4 

Comparison op Physical Properties of HjO, 

HDO, ANi> 

D,0 

Property 

H,0 

HDO 

DiO 

Lattice constants of solid, A n 

» 4.514 


4.517 

c 

= 7.352 


7.354 

Specific gravity of solid at m.p. 

0 917 


1.017 

1.1059 

Specific gravity at 20°C. 

0.9982 


Molecular volume at 20°C., ml. 

18.157 


18.200 

Freezing point, ®C. 

0 

101.76 

3.82 

Boiling point, ®C. 

100 

101.42 

Vapor pressure at 20‘’C., mm. 

17.535 

16.27 

15.2 

Temperature of maximum density, ®C. 

4 


11,5 

Critical temperature, *C. 

374.1 


371.5 

Critical pressure, atm. 

217.7 


218.6 

Dielectric constant at 20®C. 

82 


80.5 

Viscosity at 20*C., millipolses 

10,09 


12.6 

Surface tension at 19*C., dynes/cm. 

73.66 


72,83 

Magnetic susceptibility, x X 10* 

0.72 


0.65 

Refractive index, n” 

1.33300 


1.32844 

Ion product (25®C.) 

1 X io-‘* 


0.3 X l0-‘ 

Molecular freezing point lowering, ^C. 

1.859 


2,050 

Latent heat of fusion at m.p., kcal./mole 

1.435 


1.522 

Latent heat of vaporization at b.p., kcal./ 

9.719 

9.849 

9.960 

mole 

Heat of formation at 25^C., kcal./mole 

68.32 


70.41 

Ionic mobilities at 18^C. 

K+ 

64.2 


54.4 

a- 

65.2 


55.8 

Representative solubilities at 25*’C., grams/ 
gram water 

NaQ 

0.359 


0.305 


0.357 


0.289 


decreased volatilities, increased densities, etc. The metal deuterides 
are strictly comparable with the hydrides (pp. 403-415). A com¬ 
prehensive survey of references on deuterium compounds has been 
given by Kimball. 

The material HDO is of course intermediate in properties between 
water and deuterium oxide. It may be prepared by such exchange 

** A. H. Kimball: Bibliography of Research on Heavy Hydrogen Compounds. 
National Nuclear Energy Series, Division III, Vol. 4C. McGraw-Hill Book Co.. 
New York (1949). 
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reactions as 

H 2 O + D,Oi^2HDO 

which occurs at elevated temperatures, in discharge tubes, or by photo¬ 
chemical activation, or 

HjO + HD^HDO + Hj 


which occurs in the presence of appropriate catalysts. Certain of its 
properties are included in Table 12-4. 

Tritium. After the discovery of deuterium, much effort was 
expended in searching for a hydrogen isotope of mass number 3. 
First positive evidence for the existence of this isotope in nature was 
probably obtained by Lozier, Smith, and Bleakney^’ from mass spec¬ 
trometer studies on practically pure deuterium. Confirmatory evi¬ 
dence was soon olTered through mass spectrometer data** for an ion 
of mass 5(DT'*') for a sample of water obtained by electrolyzing 75 
metric tons of ordinary water down to 0.5 ml., a reduction in volume 
by a factor of 150 million. Since in this sample the D:T ratio was 
roughly lOM, the original al)undance of tritium was some 7 atoms 
in 10’*. Although these results have been questioned’ (by Bleakney” 
himself, for example), it appears that there is good evidence’-* for 
the natural existence of tritium. Thus exhaustive electrolyses of 
highly concentrated deuterium oxide samples have given residues in 
which tritium has been detected,* the quantities of the material being 
such that a natural ratio of some 10"’* atom of tritium per atom of light 
hydrogen was suggested. Natural tritium is believed to be formed 
by neutron bombardment of atmospheric nitrogen, the necessary 
neutrons resulting from the action of cosmic radiation on the atmos¬ 
pheric gases. 

The re.sults of nuclear studies are striking. Bombardment of 
deuterium compounds with high energy deuterons produces tritium 
and light hydrogen** according to the equation 

*D + ;T -b IH 


Tritium has been obtained also by the action of slow neutrons on 
lithium** 

SU-bSn->?T-bjHe 

n W. W. Lozier, P. T. Smith, and W. Bleakncy: Phtjn. Jtev.. 46, 055 
P. W. Sclwood, H. S. Taylor, W. W. Uzicr, and W . Blenkncy: J. Am. C . 

^Ti’a'^SherrSi g! Smith, and W. BWkney: Phyn. Pfr., 64, 388 C^S). 

M. L. E. Oliplmnt, P. Hartcrk. and E. Ruthcrfonl: Proc. Hoy. Soc. {Land ). 

R.^D. O'Neal and M. Goldhabcr: Phys. Rev., 67. 1080 (19-10) ; 68. 574 (1940). 
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from the deuteron bombardment of beryllium^ 

“Be + ID -> rr + 5Be 
or 

“Be + “D ^ !T + 2jHe 

and from a few related processes. The reaction Be(d,2a)T is a useful 
one for preparation of the material in sizable quantities. 

Tritium is radioactive, undergoing a soft ^ decay of some 0.0179 
Mev energy with a half-life of 12.4 years* and forming the three-isotope 
of helium. The isotope is a useful tracer and has potential uses in 
nuclear fusion processes (p. 68). The following physical constants 
have been determined:** triple point. 20.62"K.;pressure at triple point, 
162.0 mm. Hg; normal boiling point, 25.04®K.; heat of sublimation at 
triple point, 393 cal. per mole; heat of vaporization at normal boiling 
point, 333 cal. per mole. All these constants are for normal molecular 
tritium and should be compared with those already given {Table 12-2) 
for light hydrogen and deuterium. Calculated values of 43.7°K. for 
the critical temperature and 20.8 atm. for the critical pressure are also 
available.** 

Molecular hydrogen 

Several types of hydrogen molecules are distinguishable, the most 
important of which are Hi, D,, and HD. The last of these results 
from the equilibrium interaction of the molecules Hi and Di at ele¬ 
vated temperatures and may be prepared either by the reaction of 
lithium hydride with deuterium oxide, by the reaction of lithium 
aluminum hydride with deuterium oxide,** or (in 85% concentration) 
by reaction of 82.8% aqueous sulfuric acid solution with deutero- 
diborane, BjDe.** In properties it is intermediate between the species 
Hi and Di. If tritium is considered, the molecular picture is compli¬ 
cated by the existence of mixed molecules such as HT or DT as well 
as simple Ti molecules. 

In 1927 Heisenberg** predicted from quantum mechanical consid¬ 
erations that because the spins of the two nuclei in the hydrogen 
molecule may be either parallel or opposed, as shown below, two more 
or less isomeric forms of molecular hydrogen {ortho and para) should 
result. This supposition was confirmed by Bonhoeffer and Harteck,** 

*• E. R, Grilly: J. Am. Chem. Soc., 78, 843 (1951). 

**E. F. Hammel; J. Chem, Phy$., 18, 228 (1950). 

•* I. Wcader, R, A. Priedel, and M. Orchin: J. Am. Chem. Soc., 71, 1140 (1949). 

'* F. J. Norton: Science, ill, 202 (1950). 

•• W. Heisenberg: Z. Phytik, 41, 239 (1937). 

*»K. F. Bonhoeffer and P. Harteck: Naturwiumechaften, 17, 182 (1929); 
Z. phytik. Chem., B4, 113 (1929). 
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who found that when ordinary hydrogen gas is cooled to liquid air or 
liquid hydrogen temperatures in the presence of activated charcoal, 
there appears a new modification (actually para) with markedly dif¬ 
ferent properties. Similar complexities might be expected for all ele- 



Parallel spins Opposed spins 

(ortho) (para) 


mentary diatomic molecules with nuclear spins, and indeed ortho 
and para forms are known not only for hydrogen but also for the mole¬ 
cules Di, Na, Fj, Ch, etc. Other factors preclude their existence for 
molecules such as HD and O 2 . 

With both hydrogen and deuterium, temperature-dependent equi¬ 
libria between ortho and para forms exist. The equilibrium per¬ 
centages of para hydrogen and ortho deuterium are shown as functions 
of temperature in Table 12*5. It is apparent that decreasing the 


TABLE 125 

Ortho-Para Equimbria for Molecular Hydrooen and Deuterium 
Temperaturi*, Perrentage Para Hy<lrogcn Percentage Ortho 


*K. 

0 

25 

50 

100 

100 

200 

250 

298 

00 


at Equilibrium 


100 
99.00 
76.80 
38.46 
« ♦ • • • 
25.95 
25.26 
25.07 
25.00 


Deuterium 
at Equilibrium 
100 
95.29 
79.19 
67.82 
66.72 


66.66 

66.66 

66.67 


temperature favors complete conversion to para hydrogen and ortho 
deuterium. These forms are the least energet.c, ‘he ^.fference 
between the forms assumed by hydrogen and deuterium be g d 
the types of statistics obeyed by the materials. • 
essentially para hydrogen or ortho deuterium may be 
that mixtures containing more than 75% ortho hydrogen or 33.33% 

para deuterium cannot be obtained. 

Although these equilibria are temperature dependent they 

u A.Fs.rk&8:Orthohydrogcn,Parahydrogtn,and Heavy Hydronen, - , ■ • 

Cambridge University Press, London (1935). 
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J2 Moiccular Hydrogen 

rather slowly attained. In the absence of catalysts ordinary hydrogen 
may be maintained at temperatures as low as 20®K. for appreciable 
periods without significant increase in the para hydrogen content. 
Correspondingly, para hydrogen prepared at low temperatures may 
be kept as long as a week in glass at ordinary temperatures with only 
slow conversion to the equilibrium mixture. Conversion of the equi¬ 
librium mixtures to para hydrogen or ortho deuterium at low tempera¬ 
tures is catalyzed by activated charcoal and 
certain metals such as tungsten or nickel. 

Reversion to the equilibrium mixture is fa¬ 
vored for hydrogen by heating to 800®C. or 
more, presence of metallic catalysts (e.g., Pt 
or Fe), admixture mth atomic hydrogen, 
electric discharge, and the presence of para¬ 
magnetic substances (e.g., Oj, NO, NOt, Co"*"*, 

Fe'*’*) but not diamagnetic substances (e.g., 

N 2 , NjO, Zn+*). Presumably similar situa¬ 
tions would exist with deuterium. A detailed 
consideration of the kinetics of such conver¬ 
sions is given by Farkas.*’ 

The properties of para hydrogen and ortho 
deuterium have been evaluated fairly com¬ 
pletely, but those of ortho hydrogen and para 
deuterium are known only by extrapolation 
since the pure materials are not obtainable. 

Since para hydrogen possesses a lower inter¬ 
nal energy than the ortho form, there are 
significant differences in band spectra inten¬ 
sities. The specific heats and thermal con¬ 
ductivities of para and normal hydrogen 
(hence ortho hydrogen) are markedly dif¬ 
ferent especially at low pressures, so different in fact that the para con¬ 
tent of a mixture is usually determined from the thermal conductivity 
of that mixture. This is apparent from the data given in Figure 12T. 
Ortho hydrogen, for lack of neutralization of nuclear spins, has a mag¬ 
netic moment, whereas para hydrogen does not. However, the con¬ 
tribution of nuclear spin to total magnetic moment is so small in 
comparison with the effects produced by electrons, that ordinary 
hydrogen is essentially diamagnetic. Para hydrogen melts at 13.82*K. 
and boils at 20.26®K. as compared to corresponding values of 13.95®K. 
and 20.39®K. for ordinary hydrogen. Accordingly, the vapor pressure 
« Ihid., Ch. IV. 



100 200 300 

Tempef 2 ture,*K. 

Fio. 12-1. Thermal con¬ 
ductivities of hydrogen 
molecules at low pres¬ 
sures. (Redrawn from 
A. Farkas: Orlhohydro- 
gen, Parahydrogen, and 
Heavy Hydrogen, p. 26. 
Cambridge University 
Press, London [1935].) 
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of para hydrogen is slightly higher at a given temperature than for 
ordinary hydrogen, typical values being given in Table 12-6. It is 
interesting to note also that the thermal diffusion procedure of Clusius 
and Dickel (p. 44) has been reported to separate ortho hydrogen from 
para hydrogen.Further details relating to differences between para 

TABLE 12-6 

Vapor Pressures of Normal and Para Hydrogen 
Temperature, Vapor Pressure, mm. of Hg 

®K. Normal Hydrogen Para Hydrogen 


13.95 

53.9 

67.0 

15 

103.5 

108.7 

18 

365.0 

381.7 

20 

708.2 

732.9 

20.39 

760.0 

787.0 


and normal hydrogen may be found in the monograph by Farkas.** 
Ortho deuterium melts at 18.C3'^K. and boils at 23.59'’K., the heats of 
fusion and vaporization being, respectively, 47.07 kcal. per mole and 
293.93 kcal. per mole.” Other similar differences may be expected 
between ortho and ordinary deuterium. 

The existence of ortho and para forms has permitted measurements 
on the self-diffusion of hydrogen, on the hydrogen atom concentrations 
in specific chemical reactions, and on energy exchanges between hydro¬ 
gen and metal atoms. 


Atomic hydrogen 

The dissociation of hydrogen according to the equation 

Hi -> H + H 

is endothermic to the extent of some 98 to 101 kcal. per mole.* This is 
a sufficiently large energy quantity to preclude the existence of any¬ 
thing but very small quantities of atomic hydrogen by direct thermal 
dissociation except at very high temperatures. This fact is 
from the data calculated by Langmuir” and summarized in Table 12- - 
Although reduction in pressure increases the dissociation, the to a 
quantity of material converted is of course reduced correspondingly. 


» K. Schafer and H. Cortc: Afl^uru-iss<-n«eAo/<fn. 33, 92 (1946). 

A. Fiirk:is: Orthohydrogen, l^nrahydrogen, and Heavy Hydrogen. • » 


Cambridge University Press, Ix>ndo» (1935). 

« E. C. Kerr, E. B. Rifkin, H. L. Johnston, and J. T. Clarke: J. Am 


Cheiii. Soc., 


73,282(1951). 

• Values from 98 to 105 kcal. per mole have been recorded 
** I. Langmuir: Gen. Elcc. Rev., 29, 153 (1926). 
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Three methods, all involving extremely energy-rich conditions, have 
been proposed for the production of atomic hydrogen. Langmuir 
obtained the material by passing molecular hydrogen through an 
electric arc at high current density, a method which is employed cur¬ 
rently in atomic hydrogen welding arrangements. A similar method 
based upon passing hydrogen at low pressures through a high-tension 
discharge tube was shown by Bonhoeffer” to yield atomic hydrogen. 


TABLE 12-7 


Dissociation or Molecular Hydrogen 


Temperature, *K. 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 
10,000 


Dissociation, % 
0.000000371 
0.122 
9.03 
62.5 

94.69 
98.84 

99.69 
99.87 
99.93 
99.96 


Radiation of hydrogen with energy from a mercury vapor arc also 
gives atomic hydrogen.” As is expected, atomic hydrogen produced 
by any of these procedures is unstable with respect to the molecular 
form and must be used as generated If its properties are to be evalu¬ 
ated. The half-life, as estimated by Bonhoeffer, is some 0.3 sec. under 
the conditions of his experimental study. Reversion to the molecular 
form is catalyzed by metals such as Pt, Pd, W, Fe, Cr, Ag, Cu, Pd (in 
decreasing order of activity), the energy liberated being sufficient to 
heat many of these metals to incandescence or even to fusion. The 
efficiency of the atomic hydrogen torch is dependent upon this property. 

Atomic hydrogen is an active reducing agent. Non-metals, such 
as sulfur, chlorine, bromine, or iodine, are converted rapidly to the 
corresponding hydrides. Metal oxides and chlorides, such as those 
of copper, lead, bismuth, silver, and mercury, are readily reduced to 
the free metals, as are the sulfides of cadmium, copper, and mercury. 
Oxides of aluminum, magnesium, chromium, and zinc, however, are 
unaffected. Many alkali metal salts, among them nitrates, nitrites, 
azides, cyanides, and thiocyanates, are reduced to the free metals, 
but the corresponding halides, sulfates, and phosphates are unaffected. 
Metals ^ch as the alkali metals, antimony, and bismuth, are converted 
to hydrides. Ethylenic linkages are hydrogenated and azoxy groups 

** K. F. ^nhoefifer: Z. phytik. Ckem., 118, 199 (1924). 

” Q. Cario and J. Franck: Z. Phyrik, 11, 161 (1922), 
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reduced stepwise to amines. With oxygen, hydrogen peroxide is 
formed. Gieb and Harteck claiming’* that at very low temperatures a 
form different from ordinary hydrogen peroxide, but reverting to it at 
— 115®C.. results (p. 504). Carbon dioxide is reduced to formic acid. 
An excellent literature survey is given by Maxted.*’ There appears 
to be no real evidence that the so-called nascent hydrogen, so often 
postulated as a reactant in many reactions occurring in solution, is 
atomic hydrogen.” 


Combined hy€lrogen 


Combined hydrogen may be classified conveniently as covalent 
or anionic. Inasmuch as the ionization potential of hydrogen is so 
large {13.505 ev = 313.G kcal. per gram atom), the production of truly 
cationic hydrogen in chemical combination is quite impossible. It 
is irue that hydrogen often combines with more electronegative ele¬ 
ments and is thereby assigned a positive oxidation number, but such 
compounds are polar rather than ionic. If the bonds in such com¬ 
pounds are sufficiently highly polar, they may be ruptured on contact 
with highly polar or basic solvents to yield solvated protons and what¬ 
ever anion characterizes the original compound. As already discussed 
(pp. 310-312), this occurs in water, ammonia, hydrazine, etc. Because 
free protons can no more exist in these solvents than ii. pure com¬ 
pounds purely cationic hydrogen is limited in its existence to discharge 
tubes and nuclear reactions. Covalently bonded hydrogen is char¬ 
acteristic of the volatile (non-metal) hydrides (pp. 409-411). Anionic 
hydrogen, on the other hand, is not unexpected in view of the stability 
of the helium structure and the sizable electronegativity differences 
between hydrogen and certain of the metals. These difference^ ow 
ever are sufficiently large to permit electron transfer to Mrogen 
only with very highly electropositive elements such as the alkali ana 
alkaline earth metals. Binary compounds between 
such metals contain the negative hydride (H ) ion (pp- • 

Since covalence greater than one is forbidden for hydrogen (p. 
coordination to bonded hydrogen does not occur 'Ihe 
ever, may act as an acceptor toward a variety of bases (pp- • 


IHI-: GENERAL CHEMISTRY OF HYDROGEN 

To a considerable extent, the general chemistry of ^ 

been covered in preceding discussions. Many o t ^ V ^ 
slants have been evaluated in this chapter m the discussions of atomi , 

H K. H. Geib and P. Harteck: Bcr., 66B, 1551 (1932). 
n J. It. needy and E- I>. 19. -103 (1942) 
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molecular, and isotopic hydrogen; the hydrogen bond has been con¬ 
sidered in Chapter 6 (pp. 187-191); the importance of the element in 
oxidation-reduction systems has been discussed in Chapter 8 (pp. 
292-293); the acidic properties of the hydrogen ion have been sum¬ 
marized in Chapter 9 (pp. 308-321); the structure of the hydrogen 
atom has been discussed in Chapter 3 (pp. 81—86); the nuclear prop¬ 
erties of hydrogen have been explored in Chapter 2 (pp. 70-71); 
and types of bonding have been considered both in Chapter 6 and in 
this chapter. The binary compounds of hydrogen are dealt with both 
in a later section of this chapter (pp. 403-415) and in subsequent 
chapters (e.g., Chapter 13 to 17, inclusive). Accordingly, the treat¬ 
ment of the general chemistry of hydrogen offered here is extremely 
brief. 


Physical and chemical characteristics 

Numerical properties of hydrogen are summarized in Table 12-2 
and Table 12-8. The values in the latter table are for the ordinary 
isotopic mixture of hydrogen containing about one part of deuterium 
in 5000 and the ordinary ortho para mixture. 


TABLE 12-8 

Numerical Constants of Hydrooen 


Property 

^itical tempjerature, *K. 

Critical pressure, atm. 

Deosity of gas, gram/liter at O'^C., I atm. 
Density of liq., gram/ml. 

Solubility in H,0, ml./lOO grams at 25®C. 


Numerical Value 
32 
20 

0.08086 

0.071 

1.8 


\ 


Chemically, hydrogen combines with most of the non-metallic ele¬ 
ments and with many of the metals to produce compounds called 
hydrides. These are discussed in detail later (pp. 403-415). Hydro¬ 
gen serves as a reducing agent toward many metal oxides and toward 
double and triple bonds involving carbon. Characteristic reactions 
of hydrogen, both molecular and atomic are summarized in Table 12-9. 
In general, these reactions are indicative of the tendency of hydrogen 
to bond by electron pair sharing, although bonds with highly electro¬ 
positive elements are completely ionic (p. 406) and those with highly 
electronegative elements possess appreciable partial ionic character. 


Preparation of hydrogen 

Hydrogen is commonly prepared by reduction of the solvated (nor¬ 
mally, hydrated) proton or oxidation of the negative hydride ion. 
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In general, metals or cations witli positive standard potentials are 
capable of being oxidized by the proton (solvation implied but not 
stated) and will, under appropriate conditions, release hydrogen. 
The magnitude of the potential governs the conditions under which 
such reactions occur. Only the most higlily electropositive metals 
can release hydrogen from water wlicre the proton concentration is 
low; others recpiire higher concentrations of protons such as are found 
in acidic solutions. Hydrogen is thus obtained in the laboratory by 
reactions of acids with metals such as iron or zinc. Anions, such as 
nitrate, which are stronger oxidizing agents than the proton must be 


TAULE 120 

Common Reactions op IIyduocen 

Examples, lainitations and 0>ndi(ions 
X| = Fj. C!:, Brj, Ii. Catalyst necessary with Ii. 
Strongly exothermic. Proceeds with reduced 
vigor with S and practically not at all with So 
or To. 

Favore<l by catalyst at low temperature and high 
pressures. Corre-sponding reactions with P, 
As, SI), Hi not known. 

Where M = I.i, Xa, K, Uh. Cs, Ca, Sr, IJa. lU 
to give .‘inline liy«lrides. \\ ith many other 
inetnls to give inetallie liy«lrides. 

r/Hi + • /.\1 + yll.() With oxide.s of metals less active than iron. 

/ \ / 

C--C + 11,-—(’—(•— 

/ , 

/ f Noriiudly in j»re<eni*c of ealalysls at elevuletl 

—C.=:C-h 2H: • —( —t —> |finperiihire> and iiiuler pressure. 


Reac‘ti*)n 

III + X;- 211X 
H, + JO: - 11,0 


3H, + N,^ 2M!, 


jrll, + 2M 2MII. 


✓ 


\ 




c - o 


/ 


M: C-OH 

/ 


absent since tlicv will be reduced in preference to the proton, bow- 
valent cations sucli as Cr-^-'. and Ti-^^ rca.-t .‘similarly. In the 

presence of liydroxyl ion, amplioteric elements such as aluminum or 
silicon release hydrogen from water, although they arc appaicnt > 
unreaetive in its absenec. Sueli reaetions proeced iiceniise of the more 
favoral)lc oxidation polciitial.s ro.snlling from the stal)ilities of the 
resulting anions (AlOr. and the removal of normally insoluble 

oxidation products of the nudals by hydroxyl loii. Reduction o 
protons by the eledri.- current in both acidic or alkaline solutions aiu 
in m-utral halide solutions is commonly employed a.s a techimal 
preparative procedure. Oxi.lation of hydride ions i.s ronveinen 
!,c.. au«e if water is u.s,al as tl.c oxi.lant the qaantity of hy. mp-n 
released is markerlly increased (p. 108). Hydrides such to. hth.um 
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aluminum hydride (UAIHh) and the simple lithium or cuh-inm com¬ 
pound are commonly used ({). !0S). 

Industrial hydrogen is obtained by the reduction of water vapor at 
elevated temperatures with coke, lower hydrocarbons, or iron; from 
the cracking of hydrocarbons; from the destructive distillation of coal; 
by the electrolysis t)f aqueous solutions; or by action of hydrides o*i 
water. 

Characteristics of the hydrogen ion 

Although the existence of the free proton under any but extremely 
energy-rich conditions is precluded, it is still common practice to refer 
to reactions of the solvated proton as involving the hydrogen ion. 
This is entirely acceptable practice since solvation is normally neglected 
with other ions (p. 281). The hydrogen ion, because of its small size, 
represents a very effective concentration of positive charge and thu.s 
possesses properties which set it apart from other cations. These 
characteristics have been summarized in Chapter 9. The general 
chemistry of the hydrogen ion is associated with the half-reaction.s 
represented by the couples 

;=± H+ -h e- = 0.0000 volt 

in acidic solution and 

ill- + OH- HjO + e- = 0.83 volt 

in alkaline solution. 

Technical applications of hydrogen 

Perhaps the largest <iuuntitios of technical liydrogen are employed 
in the hydrogenation of materials such as nitrogen (to give ammonia), 
carbon monoxide (to give methanol and a variety of other useful 
organic products), coal and other organic products (to give hydro¬ 
carbons), and vegetable oils (to give edible fats). Applications of 
hydrogen as fuel in welding, as a lifting agent, etc., consume relatively 
smaller quantities of the element. 


A SYSTEMATIC CONSIDEHATION OF IIYDRIDF.S 

By direct or indirect means, binary combinations of hydrogen with 
a large number of the other elements can be prepared. ' By conven¬ 
tion sudi materials are referred to as hydrides, although this is not in 
strict keopmg with common practice in nomenclature since combina¬ 
tions with elements which are more electronegative than hydrogen are 
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probably even more common than those with elements which are less 
electronegative. Because of the variety of elements appearing in 
combination with hydrogen, the hydrides are characterized by a wide 
variety of properties and are thus representative of several types of 
bonding. Early interest in hydrogen compounds of the non-metals, 
particularly oxygen, the halogens, and carbon, led to Stock’s classic 
researches”' on the hydrides of boron and silicon, whicii in turn stimu¬ 
lated expanded investigations involving other elements. Undoubt¬ 
edly, Paneth’s systematic classification and discussion of the hydrides” 
provided a basis for modern trends in hydride chemistry.^®- ** In this 
chapter, the hydrides are classified according to general properties 
and bond types, and the characteristics of each class are described. 
Detailed considerations of the specific properties of hydrides of the 
various non-metals appear in the next five chapters. 


Classification of the hydrides 

Paneth’s original classification of the hydrides into vohUle hydrides, 
salt4ike hydrides, and metal-like hydrides on the basis of their com 
parative properties still appears reasonably adenuate, although more 
detailed examination of the characteristics of specific members of each 
class has often indicated significant deviations from the general prop 
erties usually ascribed to the class as a whole and has suggeste ^ 
fications. For instance, Gibb” prefers the classes saline or salt-like 
(possessing ionic crystal lattices), volatile {possessing covalent bonds 
in most cases), polymeric (containing two or more metal atoms m 'e 
by hydrogen bridges), and melallic (possessing the physical charac- 
teristics of metals). It appears more reasonable in view 
properties of known hydrides to modify Paneth's 
drastically and to consider the types saline or sall-hke, cm 

molecular (usually volatile), and metalHc. infticc< 

The saline or sall-like hydrides are charaoterued by -o"-' 
and attendant high melting points, high boiling points » 
ductivity in the fused states (if stable). The covalent 
hydrides are characterized by molecular lattices made up ” ^ 

saturated covalent molecules and possess the attendant | p 
” A. Stork: Hydrides oj Boron and Silicon. Cornell Univcrsilj re 

New York (1933). j Topics in Inorganic 

.. F. Panelh: Radio ElemenI, as M,color, and Other SrircM t op 

Chernietry. pp. 91-122, McGrow Hill Book^ NowJl orW (.928 ■ . 

.0 H. J. EmelCus and J. S. Anderson: f ' 

pp. 231-202. D. Van Nostrand Co., Now ' Etectrockem. Soe.. 93, 188 

*« T. R. F. Gibb: y. Chem. Educalum, 35, 577 (1948), J. ucciro^ 

(1948). 
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tos 


softness, low melting point, low boiling point, and lack of conductivity. 
Although the bonding within individual molecules is always covalent 
to some extent, it may show significant partial ionic character (e.g., 
with hydrogen fluoride). However, bonding never becomes strictly 
ionic, and these materials may be considered as a class apai t from the 
saline class. The metallic hydrides are characterized by metallic 
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Fig. 12-2. Cliissificatiun of hydrides. 


structures and are alloy-like in most of their characteristics. They are 
in effect interstitial materials (p. 221) and lack the stoichiometry 
associated with true electronic bonding. Deuterium forms similar 
compounds. 

The type of hydride which an element forms depends upon the elec¬ 
tronegativity of that element. Only those elements with very low 
electroneptivities (e.g., the alkaU metals, the alkaline earth metals, 
and possibly the lanthanides and actinides) are sufficiently strong 
reducing agents to transfer electrons to the hydrogen atom and thereby 
form saline hydrides. On the other hand, only the mo.st highly elec- 
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tronegative elements (e.g., the non-metals in Periodic Families Illb, 
IVb, Vb, VIb, and Vllb) share electrons with hydrogen to form cova¬ 
lent hydrides. Here the electron attractions are insufficient to remove 
electrons from hydrogen atoms (p. 400). The remaining elements (e.g., 
the transition metals) yield only metallic hydrides if they show any 
tendency at all to combine with hydrogen. It should be apparent 
that, although the division between saline and covalent hydrides is 
clean-cut, divisions between saline and metallic hydrides on the one 
hand and between metallic and covalent hydrides on the other are less 
distinct, and considerable overlapping may occur. The relation 
between hydride type and position of the element involved in the 
peri()dic classification is shown in Figure 12-2. 


Saline or salt-like hydrides 

Saline livdridcs are known for all the alkali metals (except francium), 
for the alkaline earth metals (Ca. Sr, I3a, and Ra), and possibly for 
some tjf the metre liighly electropositive lanthanide and actinide ele¬ 
ments. They are crystalline compounds which are ordinarily obtained 
by (!iro<'t reaction between the pure metals and hydrogen at tempera¬ 
tures ranging from 150® to 700®C. Such reactions proceed with vary¬ 
ing vigors, calcium, for example, absorbing hydrogen rapidly at 150 
to 300®C. whereas lithium must be heated in hydrogen to some COO C. 
Some care is necessary to assure a complete reaction since these reac 
tions involve conversio?i of one solid phase into another and t us 
require continued and intimate contact with the gaseous reactant. 
With sodium this is effected by dispersing liquid sodium with a reagen 
such as the sodium derivative of anthracene or phenanthrene, support¬ 
ing it on an inert body or preformed sodium hydride, an t en 
ing with hydrogen at 2.50® to300®C. under a pressure of one atmosphc. 

The alkali metal hydrides possess cubic structures of the ' 
chloride typo (p. 137). The alkaline earth metal hydr.des are struc¬ 
turally somewhat more complex, calcium hydride, for exump , 
hexagonal. It is rather dehnilely eslahli.shod that the ' j 
ionic and contain negative hydride (H ) ions formed ‘ 

electrons from the metal atoms. 'I hits it has heen shown . hmm 
hydride when fused or healed to inei|„cnt fusion eoiiducts u el 
current” and is therehy eh-ctiolyti. ally decomposed 
tion of lithium .at the cathode'* mid hydrogen, m (|iiaiitilii..s . 

.. V. L. Ifanslcv aa.l P. J. f'l.rlidc; rl,,,;. K„.J. 23. 

.. G. N. Uavis: J. .tc. Ch,;,,. ,W,, 38, 7112 P' 

•« K. Moers: Z. atiorff. C’Acm., 113, 1*1) (1920). 
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ance with Faraday’s law, at the anode.« Similarly, calcium hydride, 
when dissolved in a molten lithium chloride-potassium chloride eutectic 
at 360®C. to avoid thermal decomposition, was found to liberate hydr(^ 
gen at the anode during electrolysis in accordance with Faraday’s 
law.^‘ The alkali and alkaline earth metal hydrides have stoichiomet¬ 
ric compositions. 

Hydrides derived from the lanthanides (and presumably at least 
some of the actinides) present more difficult problems. Compositions 
such as LaH,.,(, CeHj.e*, and ThHj.o? are characteristic and 

TABLE 1210 

Comparison op Properties or Hyorides op Metaus 


Hy¬ 

Heat of Formation, 

Change in Density on 

dride 

kcal./mole of Hj 

Formation, % 

LiH 

43.2 

+52.8 

Nall 

33.2 

+44 

CrH, 

46.6 

+ 10 

Srll, 

42.2 


Ball, 

40,96 

+20 

LaHs.1t 

40.09 

-12.8 

CeHt.tt 

42 26 

-17.5 

PrH.u 

39.52 


TaHfl.ft 

slight 

- 9.1 

VHtt, 

9.28 

- 6.7 


might suggest that these hydrides are alloy-like in character How¬ 
ever, these metals approach the alkali and alkaline earth metals in 
electropositive character, and the hydrides seem to possess at least 
some of the characteristics of saline compounds. Their heats of 
formation are very high and, as shown in Table 1210,*’-^* are of the 
same order of magnitude as values for the corresponding definitely 
ionic compounds. On the other hand, like the truly metallic hydrides, 
they arc less dense than the parent metals whereas the truly saline 
hydrides are more dense (Table 12*10).*® In the absence of further 
information, one may conclude that they represent transitions between 
the two classes. 

The saline hydrides in general are insoluble in ordinary solvents at 
room temperatures unless reaction occurs, but they do dissolve without 
reaction in molten halides, and sodium hydride is soluble in molten 

*• K. Peters: Z. anorg. allgem. Chem., 181, 140 (1023). 

*‘ D. C. BanlwcU: J. Am. Chem. Soc., 44, 2499 (1922). 

« A. Sieverts and E. Ri>cll: Z. atiorg. allgan. Chem., 168, 289 (1926). 

« A. Sieverts and A. Gotta: Z. anorg. allgem. C/tem., 187, 155 (1930); IM, 384 
(1931). 

*• A. Sieverts and A. Gotta: Z. EUktroehem., 88, 105 (1926). 
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sodium hydroxide. The less stable hydrides cannot be fused under 
atmospheric pressure because of dissociation, but the more stable 
lithium hydride melts at 680®C. Chemically, the saline hydrides 
undergo thermal decomposition to metal and hydrogen at elevated 
temperatures, the alkali metal compounds (except LiH) decomposing 
in the range of 400“ to o00“C. and the lithium and alkaline earth 
metal compounds decomposing at more elevated temperatures. At 
elevated temperatures, the saline hydrides are powerful reducing 
agents, and reductions such as refractory oxides to metals, carbon 
dioxide to formate, and metal sulfates to sulfides are easily carried out. 
Since at ordinary temperatures, corresponding reactions do not occur, 
it is co!iceivable that thermal dissociation of the hydride is essential 
to reduction. Many organic substances also undergo reduction at 
elevated temperatures.** 

Lithium, calcium, and strontium hydrides are comparatively stable 
in dry air. The others may ignite spontaneously, although in per¬ 
fectly dry air pure sodium hydride supposedly does not ignite below 
230“C. The presence of traces of unrcairted metal may lower the 
kindling temperature. In the presence of water all saline hydrides 
react vigorously according to the e(|uation 


H- + HjO Hi + OH- 

the volume of hydrogen thus released being approximately twice that 
given by the corresponding metal. Solid saline hydrides, especially 
the lithium and calcium compounds, are thus excellent lightweight 
sources of hydrogen. Latimer*® has estimated 

H- iHi + c- = 2.23 volts 

by comparison of hydrides with fluorides. However, the excellent 
reducing properties thus predicted are obscured by the ob.«crved re uc 
tion of water. Saline hydrides are obviously excellent dc.siccants^ 
Heactions with non-metals such as sulfur, nitrogen, phosplmriis. am 
carbon to give the corresponding binary metal compounds and usuaii> 

hydrogen have been reported. . , . , ' 

Terhnirally. litl.ium, sodium,” and calcium- hydr.de.s are most 

commonly employed Most common applications are those m™l g 
preparation of free metals, ren.oval of scale on .r«.. and 
with sodium hydride-sodium hydroxule miNturcs. gencratio 
hydrogen, and production of a variety of organic compounds. 

‘•Ijitinicr W. M.: Thr Oxidation Slate, af the Element, and Their rotenlml, tn 

A.,neon, Sol,.lion, ;12. Prcnlic-Hall, NV'V York (1938) 

O Anon.: Ca/num f/yMe. Metal Hydrides. Inc., Bcverlj, Mnw- 
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A series of closely related compounds is found m the horohydrides 
and aluminohydrides and the corresponding deuterium compounds, 

such as LiBH., Be(BH.):, A1(BH.)>, LiAlH., NaAlH., and L.AID., 
In many respects the reactions which these compounds undergo are 
comparable to those of the saline hydrides. However, since they are 
generically more closely related to the boron and aluminum hydrides, 
they are discussed later (Chapter 17, pp. 782-787). 


The covalent or molecular hydrides 

Covalent or molecular hydrides are known for all the truly non- 
mctallic elements except the inert gases and for elements such as 
aluminum, gallium, tin, lead, antimony, and bismuth which are 
normally more metallic than non-metallic. Except for boron, alu¬ 
minum, and gallium, each element listed in Figure 12-2 gives a simple 
mononuclear hydride of formula XlU-n, where n is the number of 
valence electrons present in the neutral atom X. The simplest 
hydrides of boron and gallium are the dimeric materials B 2 He and 
GajHd, respectively, and the simplest hydride of aluminum is the poly¬ 
meric (AlHj)., all these compounds being electron deficient in char¬ 
acter (p. 213). In addition to mononuclear hydrides, certain of the 
elements, notably all those except tin, lead, antimony, bismuth, tel¬ 
lurium, polonium (?), and the halogens, form polynuclear hydrides in 
which two or more atoms of the non-metal are directly attached to 
each other. This situation is of course most pronounced with carbon 
where an apparently infinite number of such combinations may result. 
Fluorine forms hydrides of the type H,F„ but these are composed of 
individual HF molecules joined by hydrogen bonds (p. 189) and are 
not polynuclear in the same sense. 

The covalent hydrides may be prepared by a number of general 
methods. Among them are the following: 


1. Direct combination of the free element with hydrogen, as with 
oxygen, nitrogen, or the halogens. 

2. Reduction of certain compounds either with hydrogen (e.g., metal 
oxides give water) or under conditions where hydrogen is being gen¬ 
erated (e.g., arsenic or antimony compounds with zinc and acid give 
arsine or stibine). 

3. Hydrolysis of a metal (often magnesium) boride, silicide, carbide, 
etc., with water or with an acid in aqueous solution. This procedure 
often yields complex mixtures. 

4. Treatment of a metal (often magnesium) silicide or germanide 
with a protonic acid in the absence of water. This procedure generally 
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gives less complex mixtures than the preceding one. As typical, one 
may cite the treatment of magnesium silicide with ammonium bromide 
in liquid ammonia to give silane” or with molten ethylamine hydro¬ 
chloride or trimethylarnine hydrochloride or ammonium bromide at 
elevated temperatures” to give mixtures of silicon hydrides. 

5. Electrolytic reductions of solutions of compounds of the element 
in question. This procedure was employed by Pancth and Rabino- 
witsch” for the preparation of tin hydride (SnlR) and amounted to 
electrolyzing a sulfuric acid solution of tin(II) sulfate containing de.x- 
trine or glucose with lead electrodes at temperatures below 50® to 60®C. 

6. Reduction of the appropriate halide in ether solution with lithium 
aluminum hydride.” This procedure has been applied to the prepara¬ 
tion of hydrides of silicon, germanium, and tin. 


According to Hurd,^’ the hydrolytic procedures represented by 
methods 3 and 4 above arc essentially ionic in nature, amounting to 
removal of cations from a crj'stal lattice and combination of anions 
left behind with protons. The natures of the resulting hydrides will 
then be dependent upon whether the non-metal atoms were present in 
the original crystal as discrete atoms or as molecular groups and upon 
whether the hydrolysis medium attacks the hydrides chemically. 
Specific details on the above pr«)ocdurcs are considered in connection 
with later discussions (especially Chapters 16, 17). 

The covalent hydrides exist in the same molecular form in all states 
of aggregation. In the solid state they are made up of molecular 
crystals of individual molecules held together by weak van der Waals 
attractions (p. 215). The comparatively low melting points of such 
solids and the low boiling points of the liquids resulting from them are 
thus not unreasonable. With ammonia, water, and hydrogen fluoride, 
hydrogen bonding produces anomalies in these properties (p. 189)i 
but with these exceptions properties of this type increase more or less 
regularly with molecular weight for the hydrides of a particular type 
in a particular family. In general, all the covalent hydrides are 
volatile, although volatility is somewhat reduced in complicate 
polynuclear hydrides of high molecular weight. The covalent hydri cs 
are non-conductors in the liquid state and when dissolved In non-pdar 
solvents Their (-hemical characteristics vary from one periodic 
family to another. They all undergo thermal decomposition to 
hydrogen and the other element, but the nccessarj' conditions show 

»* W. C. Johnson and T. R. Hogness: J. -l/n. Chem. Soc., 66, 1262 (1934). 


** D. T. Hurd: J. Am. Chem. Soc., 69, 1647 (1947). 

** F. Pancth and E. Rabinowitsch: Her., 67, 1877 (1924). 

»»A. E. Finliolt. A. C. Bond. Jr., K. E. Wilzbach. ond H. I. Schlcsmgcrr 
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Chem. Soc., 69, 2092 (1947). 
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wide variability. In general, thermal instability increases with 
decreasing electronegativity of the non-metal, the hydrides of the 
heavier elements in any periodic family being less stable than those of 

the lighter elements. 

The metallic hydrides 

Instances of reversible absorption or occlusion of hydrogen by 
metals are well-known. Metals used as cathodes in the electrolysis 
of aqueous solutions often take up surprising quantities of hydrogen, 
as do metals which are cathodically deposited under conditions where 
reduction of protons can occur. A palladium cathode, for example, 
may take up one thousand times its volume of hydrogen, although 
some of this hydrogen is evolved rather violently when the current is 
turned off. Electrolytically deposited iron may contain one hundred 
times its volume of hydrogen. Similarly, many metals absorb hydro¬ 
gen gas directly at moderate or elevated temperatures. For example, 
iron, palladium, and platinum are permeable to hydrogen at elevated 
temperatures whereas tantalum becomes brittle because of absorption 
of hydrogen. There is evidence too that those metals which are most 
efficient as hydrogenation catalysts (e.g., platinum, nickel) owe their 
efficiencies, at least in part, to their abilities to take up or combine 
with hydrogen. Hydrogen so absorbed can usually be removed by 
strong heating under vacuum conditions, but small amounts are often 
held very tenaciously. 

The products obtained when metals take up hydrogen in these 
fashions are called metallic hydrides. Since they result from metals 
of widely differing characteristics (Figure 12*2), it is not surprising that 
their properties vary widely. It is impossible, therefore, to summarize 
any properties which are characteristic of all of them, but it is possible 
to offer some generalizations. In most cases, their properties are 
metallic and not markedly different from those of the parent metals. 
The quantity of hydrogen present ordinarily bears no exact stoichio¬ 
metric relation to the metal, and formulas such as ZrHi.gt and TaHo.re, 
w'hich are often given, probably represent no more than the conditions 
essential to saturation of the metal with hydrogen. In many cases, 
absorption of hydrogen results in no fundamental changes in the metal 
lattices, although density and X-ray determinations do show the 
lattices to be c.\i)nnded and perhaps slightly distorted. There seems 
to be every evidence that in such cases hydrogen which has entered 
the metal lattice is occupying holes (interstices) between the metal 
atoms or ions and is thus held in solid solution. Accordingly, the 
terms interstitial solid solutions (p. 221) and interstitial compounds 
are often applied to the metallic hydrides. The strongly reducing 
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properties of such hydrides (e.g., reduction of mercury compounds to 

the free metal) suggest that hydrogen is present in the atomic state, 

molecular hydrogen having undergone dissociation on entering the 
metal lattice. 



The variations in individual properties among the metallic hydrides 
suggest more or less continuous transitions in the manner in whicii 
hydrogen is held according to the scheme 


saline semi-metallic 
hydrides ^ hydrides 


firmly bound 
interstitial 
hydrides 

loosely bound gdg„rp,ion 
interstitial ^ 
hydrides 


products 
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with all materials except the saline hydrides being called alloylike 
or metallic The semi-metallic hydrides represent transitions between 
true chemical binding and interstitial alloys and embrace hydrides 
derived from the metals in Periodic Groups IVa and Va. Hydrides 
of the lanthanide and actinide elements provide a direct transition 
between these materials and the true saline hydrides. In such mate¬ 
rials, hydrogen may well be present both as such and bonded to the 
metal ions. Among the interstitial hydrides, the firmness with which 
hydrogen is held varies. It appears to reach maximum values with 
nickel, palladium, and platinum. In many cases where hydrogen is 
taken up in only comparatively small quantities, it is doubtful that 
penetration of the lattices occurs, and surface attraction is therefore 
the governing force. 

Extensive studies by Sieverts*® on densities and heats of formation 
(Table 12T0) indicate differences among metallic hydrides which are 
consistent with the foregoing pictures. Much effort has been expended 
in attempting to establish chemical formulas for metallic hydrides. 
Although a good deal of this work has been analytical, some of the 
most fruitful studies have involved measurements of hydrogen absorp¬ 
tion as functions of pressure and temperature. Some typical curves 
for several metals at various temperatures are reproduced in Figure 
12-3.®* The true stoichiometries of the saline hydrides are apparent 
in the extended flat regions over broad temperature ranges and the 
sharp breaks at more elevated temperatures. With the other metals 
listed, hydrogen absorption drops with increasing temperature to 
rather constant values with palladium and tantalum, shows no con¬ 
stancy with cerium, resembles that in the saline hydrides with zir¬ 
conium, and increases with iron, copper, and nickel. Evidences for 
true binding are thus not particularly strong, and differences in mode 
of attachment are apparent. 

Perhaps the most extensively studied of the metallic hydrides is 
palladium hydride. Many of these studies have embraced measure¬ 
ments of the quantity of hydrogen taken up as a function of pressure 
at constant temperature. The results of determinations by Gillespie 
and coworkers,” ** as summarized in Figure 12*4, are interpreted as 
indicating, at the two breaks on either side of flat portions, two solid 
solutions. One solid solution approaches the composition PdjH and 
separates in nearly pure form at more elevated temperatures. At 
lower temperatures, it dissolves increasing amounts of hydrogen, and 

*• G. Httttig: Z. angew. Chem., S9, 67 (1926). 

”L. J. GiUespie and F, P. Hall: J. Am. Chem. Soe., 48, 1207 (1926). 

**L. J. Gillespie and L. S. Galstaun: J. Am. Chem. Soe., 68, 2565 (1936). 
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at room temperature the saturation value corresponds to the composi¬ 
tion PdHo.«. Similar studies with deuterium” show that, although 
deuterium absorption is less than hydrogen absorption at a given tem¬ 
perature and pressure, two solid solutions again result, the composition 
of the deuterium-poor-phase being PdsD at 200®C. The curves in 
Figure 12-4 show palladium hydride to be more or less semi-metallic in 
character and to be closer to a chemical compound than the hydrides 
of its immediate neighbors. ^ 



Atoms H per atom Fd 

Fio. 12-4. Absorption of hydrogen by palladium. 


Certain of the metallic hydrides do have exactly stoichiometric 
compositions. Perhaps the best known of these is copper hy ri e, 
CuH, which is obtained by reduction of copper(II) sulfate solution 
with sodium hypophosphite at 70®C.““ This is an unstable re is 
brown solid which has a different crystal structure from copper metal. 
Above C0°C., it decomposes into copper and hydrogen. Its activity is 
also shown by its inflammability in chlorine and its release o i> rogen 
when treated with acid. Altliough its composition closely approacMs 
CuH (CuIU.M is the highest value obtained)," it docs not rcsem 

the saline hydride.s in properties, and its heat of \ ^. 

kcal. per mole)*" suggests it to be metallic rather than sa 


«L. J. Gillespie and W. R. Downs; J. Am. Chem. Soc., 61, 2496 (1939). 

•» A. Sieverts and A. Gotta: Ann., 463, 289 ^^7). (1020). 

•» G. F. Hiittig an«l F. Brodkorb: Z. anorg. allgem. Chem., 168, 238 (iv 
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Crimm*8 Hydride Displacement Late 

character. Copper hydride appears to be of the same type as the 
hydrides NiHj, CoHj, FeHj, FcH«, and CrHj obtained by VVeichsel- 
felder** as insoluble products when ethereal solutions of phenyl mag¬ 
nesium bromide were treated with anhydrous metal chlorides and 
hydrogen, although Weichselfelder’s work has been questioned.®* 
Uranium hydride, UHj, and uranium deuteride, UDj, are also repre¬ 
sentative of this class of materials. These compounds have been 
studied extensively as part of the general program of the Manhattan 
Project.** They result from direct action of hydrogen or deuterium 
on uranium and appear to be definitely stoichiometric compounds. 
The densities of the hydride and deuteride are 10.95 grams pcrcc. and 
11.20 grams per cc., respectively, as compared with a density of 18.7 
grams per cc. for uranium metal. Heats of formation are of the order 
of —30.4 kcal. per mole. The compounds are reducing agents toward 
heavy metal salts and certain organic compounds. Early structural 
determinations by Rundle®* indicated cubic arrangements with eight 
uranium atoms per unit cell and suggested the presence of uranium- 
hydrogen (deuterium)-uranium bridges with one electron pair for the 
two bonds (p. 214). Metal-metal bonding appeared to be unimport¬ 
ant. Thus uranium hydride and deuteride are neither saline nor 
interstitial. The concept of hydrogen bridges is (luestioiuible, how¬ 
ever, in the light of more recent neutron diffraction studies on the 
deuteride.** 


Grimm's hydride displacement late 

In view of the marked similarities between the physical properties 
of the Group IVb hydrides and those of following inert gases (e.g., 
CH 4 and Ne, etc.), Grimm suggested®’ that the addition of a proton 
to an atomic kernel should lead to much the same result as the expul¬ 
sion of an electron from that kernel and that elements lying up to four 
places before each inert gas should, by the addition of hydrogen atoms, 
form “pseudo-atoms” resembling the normal atoms of adjacent ele^ 
ments. Thus the reaction 0“* + H+ OH" should be comparable to 
-f c* and similarities between OH- and F“ should be noted. 


“T. Wcichselfcider: Ami., 447, 64 (1926) 

M P 5“*“**®= Chem. Soc., 69, 1719 (1947). 

« S’ 5* 5“"***®* Soe., 78, 4172 (1951). 

H. G. Grimm: Z. Bleklrochem., 81, 474 (1925). 
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TABLE 12 11 

Grimm's Hydride Disim.acbment Law 



fncreismg udius. d^c^ed^ng 
P«rt4l tOM chjractef of bond 

That such similarities do exist is indicated in Table 12-11, where 
materials placed in each vertical column do exhibit comparable prop 
crtics. These properties are of course modified by the radii and partial 
ionic character trends indicated, but the classification is a useful one. 
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CHAPTER 13 


Periodic Group Vllb 
The Halogens 

Having introduced the chemical elements by considering the inert 

gas elements and hydrogen, it is appropriate that we now direct our 

attention to the class of elements which has been called representative 

(p. 102). It will be recalled that this class embraces those elements 

in families one to seven places before and one to two places after the 

inert gas elemeiUo in the periodic arrangement. Since this class 

includes elements ranging in properties from strongly non-metallic to 

strongly metallic, no single discussion can cover the class ade{iuately. 

Accordingly, each family is treated separately, beginning with the 

halogens. In discussing each family, emphasis is placed upon such 

trends, regularities, and differences in properties as are apparent from 

the considerations advanced in Part I of this book. In addition such 

modern developments as have added to general understanding of the 

families are described, but no attempt is made to make the coverage 

of any family all-inclusive. Such supplementary material as is 

such coverage can be obtained from the many available 
ireshman textbooks and reference books. 

n <^hlorine, bromine, and iodine, are eom- 

paratively famdiar elements, their abundances in the igneous rocks of 

OOOo"r^ 1e‘^" r? 0.06-0.09%, 0.031%. 0.00016%, and 

uf^ concentrated sources of each being 

pntl ^ The fifth halogen, now known as astatine * appar- 

~ as shorMived isotopes of m^ssTum. 

oers Zi5, 216, and 218 resulting from beta decay branchimr nf th. 

avanaMe on astZ: 

■ ■ o: T. LI; 
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/C-capture, — 7.5 hours) first obtained by Corson, Mackenzie, and 
Segrd’ as a result of alpha bombardment of bismuth. Although 
incompletely evaluated, the properties of astatine indicate halogen¬ 
like character but with a definite increase in metallic nature over 
iodine. 


FAMILY RELATIONSHIPS AMONG THE HALOGENS 

Numerical properties relating to the halogens are summarized in 
Table 13T. Paralleling increases in atomic weight (or molecular 
weight, since the halogens exist as diatomic molecules) are increases 
in density, atomic volume, melting and boiling points, critical tempera¬ 
ture and pressure, and heats of fusion and vaporization. These may 
be regarded as expected trends since there are no real differences in 
the types of materials compared or the bonds holding the individual 
molecules together in the bulk of the material. A general increase in 
size, both of the free atoms and ions derived from them, parallels the 

addition of more and more electrons. 

Inasmuch as the outer electronic arrangements in the halogen atoms 
are all but one electron short of those eharacteri/ing atoms of the 
corresponding inert gas elements, it is not surprising that tendencies 
to approach the inert gas arrangements .should be marked (p. 176). 
The large values of electron affinities and electro-negativities indicate 
the ease with which this is accompli.shcd through negative halide ion 
formation. Correspondingly, the large heats of formation of the dia¬ 
tomic halogen molecules and their lack of marked dissociation even 
at elevated temperatures indicate further the ease with which mer 
gas arrangements are attained through electron pair sharing between 
like halogen atoms. Data appearing in subsequent sections o 
chapter show the same to be true in other covalent 
course all such trends decrease as the size of the halogen atom in 
because of resultant reduction in attraction for an ^ 

reflected in parallel decreases in electron affinity, electroneg Y. 

[n standard potential for oxidation of halide ion to free halogen. 

^ D7ta\^mmarized in Table 13-1 

to positive oxidation states among the halugens. 

paratively large values of the ionizatmn P"***"*':* ""“f j On the 

species would be highly unlikely except the 

other hand, the pos.sibility of positive be 

sharing of electrons with more elcctronegatne elcmen 

> R. D. Corson. K. R. Mackenzie, and E. Segri^: Phys. Hei-. . - 

58, 072 (If 10). 
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TABLE 131 

Numerical I’RorERTiEs of Haix>oen8 


Property 


Atomic number 
Outer electron configuration 
Molecular formula 
Atomic weight 

Stable isotopes, mass numberf 
Density of solid, gram/cc. 
Atomic volume of solid, cc. 
Melting point, ®C. 

Boiling point, ®C 
Critical temperature, ®C 
Critical pressure, atm. 

Heat of fusion, kcal./mole 
Heat of vaporization, kcal.y 
mole 

Dielectric constant of solid 
Solubility in water, mole/liter 
at 20*C. 

Dissociation of molecules 
Heat of dissociation, kcal., 
mole 

Dissociation constant at 
lOOO'C. 

Covalent radius, A 
Ionization potential, ev 
Electron affinity, ev 
Electronegativity 
Heat of hydration of X- kcal. 
gram ion 

^191 for X“ §Xj + e~, volts 
Crystal radii, A 
X-‘ in X- 
X*’ in XOr (calc.) 


Fluorine 

Chlorine 

Bromine 

9 

17 

35 

2 s*2p‘ 

3a»3p» 

4s*4p* 

F, 

Cl, 

Br, 

19 00 

35.457 

79.916 

5 19 

35, 37 

79, 81 

1 3 

1.9 

3.4 

U 62 

18.66 

23.51 

-223 

-102 

-7.3 

-187 

-34 6 

58.78 

-129 

144 

311 

55 

76 1 

102 

t.■ 

■ 1 

1.615 I 

2,580 

1.640 

j 4.420 

7.418 

1 

1 2.0 

1 

3.2 

1 

0.090(g) 

0 . 210 a) 

Z7.7 

56.9 

1 

1 

45.2 


1 

1 10-* 

8 X 10“* 

0.72 

0.994 

1.142 

17.42 

13.01 

11.84 

4.13 

3.75 

3.53 

4.0 

/ 

3.0 

2.8 

128 

96 9 

92.2 

1 -2.85 

-1 358 

-1.065 

, 1.36 

1.81 

1.95 

0.07 

0.26 

0.39 


Iodine 


53 

5s*5p» 

U 

12().92 
127 
4.93 
25.74 
114 
183 
553 

3.650 

10.388 

4.0 


36.4 

lO-i 

1.334 

10.44 

3.2 

2.5 

85.8 

-0.535 

2.16 

0.50 


Aotually, all the halogens except fluorine do form such 
linkages and oxidation states of +1, +3, +5, and +7 are well recog- 
med. Since there is no element more electronegative than fluorine 

*“^eiy (pp. 4d0, 437). The differences of two units among individiml 










420 


The Halogens 


Ch, 13 


band. The absorption band, which removes only a small fraction of 
the blue light with fluorine (giving a yellow color), shifts gradually to 
longer wavelengths until with iodine only red and blue light are trans¬ 
mitted (giving a violet color). Iodine dissolves in solvents with low 
dielectric constants (e.g., chloroform, carbon tetrachloride) to give 
violet solutions but in solvents with higher dielectric constants (e.g., 
water, alcohol) to give brown solutions. Studies show that, although 
iodine is definitely diatomic in all solvents, it is in equilibrium with 
iodine bonded to the solvent by coordinate linkages in the brown solu¬ 
tions but essentially free in the violet solutions.* In the brown solu¬ 
tions, iodine is somewhat the more reactive. 

CHEMICAL CHARACTERISTICS OF THE HALOGENS 

The more important aspects of the chemical behaviors of the halo¬ 
gens are summarized in Table 13’2. It is apparent that many of 


TABLE 13 2 

Chemical Chakacteristics of the Halogens 


General Equation* 

nX, + 2M — 2MX, 

3X, +2P-»2PX, 

X, + PX,- PXi 

X,+ H,-2HX 

X* + HjO -» 2H+ + 2X- + HOa 
X, + H,0 ^ -h X- + HOX 
X* + CnHj., —► CnHjnXl 
X, 4* CnH, ^ C,IU-iX + HX 
X, + 2C,H, - 2riC + 2yHX 
X, + H,S - S + 2HX 
X, + CO - COX, 

X, + SO, - SO,X, 

3X, 4-8NH,-6NH*X+N, 

X, + 2S— S,X, 

2X, + S “* SX» 

X, -I- 2X'- — X,' +2X- 
»/X, + 2MvO, + 2rC — 2MX, -f 2zCO 

X, + X,' - 2XX' 

X, + X'- - X'X,- 


Remarks 

With practically all metals. 

With excess P. Also with As, Sb, Bi. 
With excess X, but not with I,. Also 
with As, Sb, using F,, Cl,. 

With decreasing vigor in series F,. Cl,, 
Br,, I,. 

Ditto. 

Not with F,. 

With Cl,, Br,. 

With Cl,, Br, and many hydrocarbons. 
With Cl, at elevated temperatures. 

With a,, Br,. I,. 

With Cl,. Br,. 

With F,. Cl,. 

With F,, Cl,. Br,. 

With Cl,, Br,. 

With a,. 

With halides. , , , 

With many metal oxides at cicvo e 

temperatures. 

With other halogens. 

With halides, especially I • 


• X, = F,, Cl., 13r„ or I,. . 

the reactions of the halogena are related to their oxidiring abiht.os m 
terms of the ic^^-elcctron e(iuation 

X- 

*3. KIcinberg and A. W. Davidson: Chem. Revs., 43, 601 (1949). 
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standard potential values for which appear in Table 13'1. Thus the 
halogens oxidize a variety of metals, non-metals, and ionic species, 
including the halide ions. It is obvious that a free halogen will oxidize 
only those halide ions which are derived from less electronegative 
halogens. 

Much of the chemistry of the halogens is centered in their behaviors 
in aqueous solutions. With water, two important reactions may occur, 
namely, 

Xs + HiO 2H+ + 2X- + ^0^ (1) 

X, + HsO ^ 11+ + X- + HOX (2) 


The relative reactivities of the halogens according to Equation 1 may 
be approximated from potentials calculated by combining the couples 
(p. 297) 

and 

2HjO 0, + 4H+ + 4e- = -0.815 volt 


This leads to the values 2.035 volts for fluorine, 0.545 volt for chlorine, 
0.25 volt for bromine, and -0.28 volt for iodine. Thus fluorine reacts 
vigorously with water to evolve oxygen, but chlorine and bromine 
react with much less vigor. With iodine, the reverse reaction occurs. 
Reaction 2 is not noted with fluorine because of the vigor with which 
reaction 1 occurs. With the other halogens, equilibria result which are 
characterized at 25®C. by the equilibrium constants 4.8 X 10“\ 

5 X 10“*, and 3 X 10““for chlorine, bromine, and iodine, respectively. 

Such equilibria involve hydrogen ion. As a consequence addition of 
acid favors oxidation of halide by hypohalite whereas addition of 
alkali favors hydrolysis of the halogen {p. 439). 

The chemical behavior of fluorine often appears anomalous when 
compared with the corresponding behaviors of the other halogens 
because greater percentage differences in size, oxidizing power and 
electronegativity exist between chlorine and fluorine than between even 
chlorine and iodine. Only within recent years have the pioneer 
researches of Moissan, Ruff, and others been extended sufficiently to 
permit a comparatively complete understanding of the chemical 
behavior of the element.^' Much of our present knowledge steins 
from work done under the auspices of the Manhattan Project.® 


*0. Ruff: Angew. CA^m., 48, 739 (1933), 

* H. J. Emel6us: J. Chem. Soc., 1942, 441. 

’ S. C. Ogbum: J . Chem. Education, 24, 314 (1947). 

(1947)“'' P“P=n, ind. Eng. Clum., 39, 239-433 
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PREPARATION AND PRODUCTION OF 
ELEMENTAL HALOGENS 

Sufficient differences exist between methods applicable to the 
preparation of the free halogens to warrant discussing the elements 
separately. 


Fluorine 


Although free fluorine was first isolated by Moissan in 1886 as a 
product of the electrolysis of anhydrous liquid hydrogen fluoride con¬ 
taining some potassium hydrogen fluoride (KHFa),^ modern develop¬ 
ments may be traced to the introduction in 1919 of fused potassium 
acid fluoride as electrolyte.'® Developments in the small-scale prepa¬ 
ration of the element which followed* " led logically to large-scale 
operations and the production of fluorine in commercial quantities.®’" 
The electrolytic production of fluorine has been effected under three 
general sets of conditions," namely: 


1. Low temperatures (e.g., -33"C.), employing hydrogen fluoride 
containing less than 20% of potassium fluoride by weight. 

2. Medium temperatures (ca. 100®C.), employing molten KF’2HF 

(m.p. 71.7“C.). 

3. High temperatures (ca. 2oOV.), employing molten KF-lIF (m.p. 
239“C.). 


Because of the volatility of hydrogen fluoride, contamination of the 
product is difficult to avoid. This danger is reduced materially by the 
use of the fused potassium liydrogen fluorides over which the vapor 
pressure of hydrogen fluoride is comparatively low. As a consequence, 
only operations at medium and high temperatures ha\e pro\e o e 
effective. Corrosion problems are reduced by use of such metals as 
nickel, copper, or Monel, all of which are soon covered with 
fluoride coatings, graphite, and unreactive plastics sim 
It is interesting that, although graphite is a suitable 
at high temperatures, it disintegrates rapidly m the 
ture range. Compacted amorphous carbon can be used success y 

in the latter range. »■ '* 

A number of successful commercial cells have been * ' 

A typical one. employing an electrolyte approximate^ KF2II 


< H Moissan: Ann. chitn. phys. (6), 12, 472 
■ « \V. L. Argo, F. C. Mathers, B. Humiston. and C. 

them. Soc., 36, 3.'15 (1019). n , 

“ S. R. Carter and \V. Wardlaw: Ann. Reporta, 33, 

** H. R. beech: Quort. Revs., S, 22 (lO-IO). 


O. Anderson: Trans. Electro- 

145 (1936). 
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containing a small amount of lithium fluoride, operates at 1500 amp. 
in the medium-temperature range. With steel cathodes separated by 
Monel screen diaphragms from copper-impregnated carbon anodes and 
periodic additions of hydrogen fluoride, such cells have been used 
continuously for over a year.*- ‘* Other similar installations have 
been employed by a number of commercial concerns. Wartime Ger¬ 
man developments*-- centered in a 2000-amp. cell using appro.xi- 
mately KF-2.5HF at 75® to 85®C. and a 2000 to 2500-amp. cell oper¬ 
ating at 245®C. Graphite anodes, silver cathodes, and diaphragm 
bells of magnesium alloy around the electrodes were found satisfactory 
in the high-temperature cells. 

Electrolytic production of fluorine in the laboratory can be carried 
out successfully with modified cells of the commercial type or with 
small cells such as those described by a number of investigators. **“‘* 

Preparation of fluorine by purely chemical means is not particu¬ 
larly successful because of the difficulty of o.xidizing the fluoride ion. 
Numerous claims have been advanced for the liberation of fluorine as 
a result of thermal decomposition of high-valence metal fluorides, e.g., 
lead(IV), silver(II), mangancse(III), but they lack unequivocal con¬ 
firmation. It is true that compounds such as AgFj, MnFj, PbF,, and 
CeF^ are effective fluorinating agents, and they may release fluorine 
under appropriate conditions. However, they are usually prepared by 
reactions involving elemental fluorine so that their utilities as inex¬ 
pensive sources would be limited. 


Chlorine 

On a laboratory scale, chlorine is normally prepared by the chemical 
oxidation of chloride ion, employing either hydrochloric acid or a metal 
chloride and sulfuric acid with a suitable oxidant such as manga- 
nese(IV) oxide, permanganate, etc. The bulk of the commercial 
chlorine, however, is produced by the electrolytic oxidation of chloride 
ion in aqueous sodium chloride solutions. The half-cell reactions 
involved are summarized by the equations 


anode: 2C1“ —♦ Clj -p 2c“ 
cathode: 2 H 2 O -b 2e- 20H- -f- H, 


’* Anon.; Chem. Eng. News, 24, 2360 (1946). 

l^euniark: Trans. Elec(rochem. Soc., 91, 367 (1947). 

(1931) ''®eder, and E. G. Rochow: J. Am. Chem. Soc., 68, 3263 


•* Chem. Soc., 62, 4302 (1930). 

II o w ^ j Compt. rend., 181, 917 (1925). 

O. H. Cady, D. A. Rogers, and C. A. Carlson: Ind. Eng. Chem., 84, 443(1942). 
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sodium hydroxide and hydrogen being obtained as by-products. 
Secondary oxidations and interaction of anode and cathode products 
are avoided by diaphragm separation of the electrodes in such equip¬ 
ment as the Nelson, Vorce, Hooker, etc., cells. Details of such cells 
may be found in any elementary chemistry textbook and need not be 
given here. Considerable improv'ement in cell operation and in the 
qualities of the products are obtained through use of mercury cathodes 
rather than steel. Because of the high overvoltage of hydrogen on 
mercury, hydrogen is not liberated at the cathode, but instead sodium 
ion is reduced to an amalgam as 

cathode: Na"*" + c“ + xHg—» Na(Hg)x 


The amalgam is then brought in contact with pure water, yielding 
hydrogen and sodium hydroxide, and the liberated mercury is recycled. 
In early Castncr-Kellner cells, this was accomplished by rocking a 
compartmented cell, but in recent developments, particularly in war¬ 
time German cells,flowing cathodes have been preferred. 

The technical production of chlorine without caustic has received 
considerable attention, particularly in view of the early success of the 
direct oxidation of hydrogen chloride with gaseous oxygen at tempera¬ 
tures of 400® to 450°C. in the presence of a copper(II) chloride catalyst 
(Deacon process). Direct oxidation of solid sodium chloride with 
nitric acid accounts for the production of sizable (luaiititics of chlorine. 
The gaseous mixture of nitric oxide, nitrosyl chloride, and chlorine is 
subjected to further vapor phase oxidation or to catalytic decomposi¬ 
tion of the nitrosyl chloride, and the oxides of nitrogen are remo\e 
with sulfuric acid and recycled. Although oxidation of sodium chloride 
to chlorine with sulfurfVI) oxide has been studied extensively, ' it 
has not proved practical. Chlorine is of course a by-product m the 
production of metals such as sodium, calcium, or magnesium y e ec 
trolytic reduction of their fused chlorides, some 8% of the ch onne pro¬ 
duced technically in the United States in 1949. for example, having 

come from fused sodium chloride electrolysis.-® 

Bromine and iodine are normally prepared on a laboratory sea c >. 
methods comparable with those used for chlorine as well as oxi a- 
tion of the halide ion with chlorine. Oxidation of halule mns is ust 
commercially for the production of both halogens, 
recovered technically from sea water” by chlminat.on at pH 3.5 

'» R. M. Hunter: Chem. Hfel. Eng., 62 (No. 10), 104 (11M5). 

*0 Anon.: CAem. i’nj. .Veufs, 29, :iG4 (1951). .•, 1 - 0/10411 

»i A. W. Hixoti an.l A. H. Tc-tmey: hug. ihem.. 88, 14/2 (1941). 

« L. C. stewjirt: Ind. Eng. Chem., 26, 361 (1934). 
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removal with air. The bromine is then stripped from the air by 
absorption in sodium carbonate to give bromide plus bromate. Acidi¬ 
fication then yields bromine which can be purified by distillation. 
Iodine is liberated from iodides in salt well brines by oxidation with 
nitrite and is removed by adsorption on charcoal.’® Absorption in 
sodium hydroxide as hypoiodite and iodate is followed by liberation 
of the free halogen on addition of acid. Considerable iodine is also 
obtained from iodides concentrated in kelp and other sea plants as well 
as from iodates found in the sodium nitrate deposits in Chile. In the 
Chile deposits, reduction is effected with hydrogen sulfite ion accord¬ 
ing to the equation 

2IOr -1- 5HSOr SHSOr + 2 SO 4 -’ + H 2 O -b U 
COMPOUNDS OF THE HALOGENS 

The halides 

For purposes of discussion, the halides may be classified conveniently 
as 

1. Ionic or salt-like halides. 

2. Covalent or acid halides. 

3. Complex halides. 

Because of the wide differences in electronegativity among the 
halogens, it is obvious that such a classification is (juite arbitrary. 
There is no real line of demarcation between the ionic and the covalent 
halides. One class often shades into the other when halides of a given 
element are considered. For this reason the discussion which follows 
/ is in no wise comprehensive or complete. For a detailed considera¬ 
tion of the halides, Ephraim’s book’* is recommended. 

The Ionic or Salt-^Like Halides. These halides exist in the solid state 
as ionic or semi-ionic crystals and are derived from the metals. As a 
class, they are characterized by comparatively high melting and boiling 
points, by solubility in associated or polar solvents, and by conduc¬ 
tivity in such media or in the fused state. All variations in properties 
are found, however, as factors such as charge and size of the metal 
ion, electropositive character of the metal, and electronegative char¬ 
acter of the halogen vary. Strictly speaking, true ionic character is 
probably limited to the halides of the alkali and alkaline earth elements 
and possibly the lanthanide and certain actinide elements. Halides 

•*G. R. Robertson: Ind. Eng. Chem., 26, 376 (1934). 

** F. C. L. Thorne and E. R, Roberts: Ephraim’s Inorganic Cheniislry, 6th 
English Edition, Ch. 8, 9, 10, 12. Gurney and Jackson, Ixindon (1948). 
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of the other elements taken as a whole are doubtless more covalent 
than ionic in the anhydrous state, although they may dissolve in water 
to yield ionic solutions. 

Increase in oxidation number and decrease in size on the part of the 
cation promote enhanced covalent character in the halide (p. 209). 
If one compares, for instance, the compounds KCl, CaCU, ScCb, and 
TiCU, he finds regular transition from a completely ionic structure to 
an essentially covalent structure. Correspondingly, covalent char¬ 
acter increases with increasing size and decreasing electronegativity of 
the halogen. If one compares for instance, the compounds LiF, 
LiCl, LiBr, and Lil or CaFj, CaCU, CaBrj, and Cals, he finds corre¬ 
sponding decreases in melting point and changes in other properties 
which indicate ionic character. Fluorides of metallic elements are 
predominantly ionic; the other halides may or may not be. With a 
given metal which can exhibit more than a single oxidation state, ionic 
character in a given type of halide decreases markedly as oxidation 
number increases. For example, although uranium(IV) fluoride 
exhibits ionic behavior, uranium(VI) fluoride is volatile and covalent. 

Salt-like halides vary widely in solubility. Although many fluorides 
are water soluble, those with extremely high lattice energies (p. 342), 
such as the lithium, alkaline earth, lanthanide, and actinide compounds, 
are insoluble. Chlorides, bromides, and iodides are commonly water 
soluble, with solubility increasing with the size of the halide ion. 
On the other hand, where covalent bonding is appreciable, the reverse 
is true. This is characteristic of the mercuryfl), silver(I), lead(n), 
thallium(I), copper(I), etc., compounds. 

The halide ions are capable of oxidation to free halogens as indicated 
by the potentials tabulated in Table 13-1. Increase in reducing char¬ 
acter parallels increase in size as expected. Only the iodide is oxidized 
by atmospheric oxygen in acidic solution. Although the fluoride ion 
possesses some basic properties (p. 314), and is therefore someu la 
hydrolyzed, the other halide ions are too weakly basic to accept protons 


from water. 

The Covalent or Acid Halides. These halides exist m the pure con¬ 
dition as discrete molecules and are derived from either non-metals or 
metallic materials with large charge-size ratios. By convention, non- 
metal-halogen compounds containing oxygen, sulfur, or nitrogen M a 
third element, such as phosphoru.s(\') oxychloride (POC1.), 
in this class. The covalent halides are characterized by volati i y, 5 
solubility in noil-polar solvents, by solvolysis reactions in contact nit 
polar solvents, and by lack of conductivity in the pure sta e. In ^ 
scries of halides derived from some particular non-metal, melt g p 
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and boiling point commonly increase with molecular weight, a behavior 
which is usually characteristic of covalent materials (e.g., the hydro¬ 
carbons). It must be emphasized again that these properties describe 
only the limiting examples of such compounds. 

Specific information on certain types of these halides is given in 
later sections of this chapter. Other compounds are discussed in sub¬ 
sequent chapters. The physical characteristics of those halides con¬ 
taining hydrogen are summarized in Table 13-3. The marked water 


TAUr.K 133 

Physical CMAnAcrKRisrics ok the Hydrooen IIalihes 


Property 

HP 

1 

HCl 

HHr 

HI 

Melting point, ®C. 

-83 1 

-114.8 

-86.9 

-50.7 

Boiling point, *C. 

19.54 

: -84.9 

-60.8 

-35.4 

Critical temperature, ®C. 

230.2 

51.3 

91.0 

150,5 

Heat of fusion at m.p., kcal./mole 

1.094 

0.505 

0.575 

0 .C8C 

Heat of vap>orization at b.p., kcal./molc 

7.24 

i 3.85 

4.210 

' 4.72 

Density at b.p., grams/ml. 

0 091 

1 

1.187 

2.160 

2.790 

Surface tension at b.p., dyne/cm. 

1 

23.18 

25 40 

26.60 

1.32 

Heat of formation at 20®C., kcal./mole 

G4 4 

21.9 

7.3 

Dissociation at 1000‘’C., % 

Water solubility, grams/lOO grams of 


0.014 

0.5 

33 

solution at 20*C. and 1 atm. 

Apparent dissociation in 0.1 N solution at 

35.3 

42 

1 

49 

57 

18“C., % 

10 

92 6 

93 

95 

Dipole moment in gas, c.g.s. units X 10‘» 

1.9 

1 04 

0.79 j 

0.38 

Partial ionic character, % 

60 

17 

11 ' 

5 

Internuclear distance, A 

0.92 

1,276 

1.410 

1.62 

Dielectric constant of liquid 

Magnetic susceptibility, xmou X 10‘ at 

66 

9 

6 

3 

0*C. 

-8.6 

-22,1 

-32.9 

-47.7 


solubilities of these covalent compounds are associated with their 
reactions with water in terms of the general equation 

HX + H,0 H,0+ + X- 

The acidic properties of these materials have been considered in detail 
in a previous chapter (p. 318), and their reducing characteristics are 
related to the potentials already given. In addition to their formation 
by direct combination of the elements (p. 420), these halides can be 
prepared by treating a metal halide with a strong, non-volatile (and 
non-oxtdizmg, with bromide and iodide) acid, by hydrolyzing the halide 
of another non-metal (e.g., phosphorus), by reducing halides of noble 
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metals (e.g., silver) with hydrogen, or by reducing a free halogen with a 
hydrogen compound (e.g., hydrocarbon, hydrogen sulfide). 

Pure hydrogen fluoride differs in many ways from the other hydrogen 
halides because of its greater ionic character and its tendency to 
associate through hydrogen bonding (p. 189). In the solid state, 
hydrogen fluoride exists as infinite zig-zag chains of molecules 



Association also characterizes the liquid and continues into the vapor 
state. According to Simons and Hildebrand,“ hexameric rings, (HF)«, 
characterize the gaseous material inasmuch as in such rings structures 
of greatest stabilities are achieved. The electron diffraction data of 
Bauer, Beach, and Simons,’® however, suggest chain configurations 
up to about (HF) 5 , with an average F—H—F—H—F bond angle of 
about 140®. This appears to be a more acceptable structure. Formu¬ 
lation of the material as a dimer, (HF):, is not completely correct. 

The tendency to hydrogen bond is sufficient so that metal fluorides 
are often solvated by hydrogen fluoride (p. 189), giving species of the 
types HFj", HjFj", etc. Best characterized are the potassium com¬ 
pounds, KF HF (m.p. 239®C.), KF-2HF (m.p. 71.7®C.), KF-3HF (m.p. 
65.8®C.), and KF-4HF (m.p. 72®C.), which are so useful in the prepara¬ 
tion of fluorine (pp. 422-423). 

The fluorination of a variety of covalent halides has been studied 
extensively, particularly by H. S. Booth and his students. ■ ^ Treat 
ment of many non-metal halides, e.g., SiCb, PSBrj, BCh, with anti 
mony(in) fluoride in the presence of antimony(V) chloride as catalyst 
(Swarts reaction) causes usually the successive replacement of chlorine 
or bromine by fluorine. Similar reactions may be effected with metal 
fluorides, such as the calcium compound, and hydrogen fluoride. 

The Complex Halides. Entry of a halide ion into the coordination 
sphere of a metal ion is not uncommon (p. 237). From one up o a 
of the available coordination positions may be occupied, ^ompounas 
of the latter type are of particular interest in connection with halidw 
in general. Fluoride forms comparatively stable complexes with sma 


« J. H. Simons ami J. H. HiWebrana: J. Chcm. S^., 

»S. H. Bauer, J. Y. Beach, and J. H. Simons: 7. A.n. ^ - 

H S. Booth and C. A. Seabright: J. Am. Chem. Soc., ^ ' 

» H. S. Booth and S. G. Frary; J. Am. Chem. Soc., 66, 18.tb (104.3). 
»» M. M- Woyski: J. Am. Chem. Soc., 72, 919 (1950). 
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electropositive materials (e.g., B+*, A1+*, Si+*) because of strong elec¬ 
trostatic attraction and high ener^es of the resulting bonds. On the 
other hand, the fluoride ion is not particularly polarizable and does 
not yield especially stable complexes with large cations. With large 
cations, the more polarizable chloride, bromide, and iodide yield com¬ 
plexes, the stabilities of which increase in this order (e.g., compare 
complexes of dipositive mercury). As is usual, halo complexes are 
most common with the transition metal ions. Because of size effects, 
fluoride is much the most likely to bring out the maximum coordina¬ 
tion number in a metal ion. 

Halo complexes are most commonly of the types [MXi]”*'*'’* and 
where n is the oxidation number of the metal M. Com¬ 
mon examples are summarized in Table 13*4. Studies have shown 

TABLE 13-4 

Common Halo Complejc Ions 

Type Stereochemistry n Examples of Metals 

IMX 4 )~‘*" tetrahedral or planar +2 Be, Co, Cu, Cd, Zn, Hg, Pd, Pt 

+3 Au, Bi, In, Ga, Tl, V 

octahedral +3 Al, Ga, In, Tl, Mo, As, Rh, Sc, Ir 

+4 Ge, Hf, Zr, Ir, Os, Pd, Pt, Pb, Re, Sn, 
Ti 

+5 Nb, Ta, Sb, As, P 

that many comparatively stable halo complexes exist in solution. It 
is not uncommon for metal ions to associate with successively increas¬ 
ing numbers of halide ions until thdr normal coordination numbers are 
completely satisfied by halide ions. Thus in the Cu+*-Cl~ system, 
although (CuCl«l“’ is probably the most characteristic species, [CuCll+, 
[CuClj], and [CuCUj* are undoubtedly present also. 

Binary compounds with oxygen 

Although the halogens do not combine directly with oxygen, binary 
compounds with oxygen can be prepared indirectly. Known com- 

TABLE 13-5 

Binary Halooen-Oxtoen Compounds 


Fluorine 

Chlorine 

Bromine 

Iodine 

OF, 

C1,0 

Br,0 

1,04 

0,F, 

CIO, 

Br,0, 

1 ,0. 


cuo, 

Cl,Oj 

CI04(T) 

BrO, 

Br,0,(?) 

I,Oi 


pounds of this type are summarized in Table 13*5. The derivatives 
of chlorine, bromine, and iodine are properly called oxides, since oxygen 
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is more electronegative than any of these halogens. The fluorine 
compounds, however, are better called fluorides rather than oxides 
since fluorine is the more electronegative element. As might be 
expected, the fluorine-oxygen compounds are somewhat different from 
the others in their properties. 

Fluorides of Oxygen. Oxygen difluoride, OF:, is a colorless gas which 
condenses to a colorless liquid, boiling at — 144.8X. and freezing at 
—223.8®C. The liquid has a density of 1.90 grams per ml. at the 
melting point and 1.54 grams per ml. at the boiling point.The 
0—F bond distance in the gas is 1.4 ± 0.1 A, and the F—0—F bond 
angle is 105 ± 5®.^‘ The 0—F single bond distance calculated from 
covalent radii is 1.46 A. It is apparent that the linkage is essentially 
covalent. 

Chemically, oxygen difluoride is comparatively stable. Unlike its 
formula analog CUO, it is not explosive. However, it is a potent oxi¬ 
dizing agent and reacts vigorously with metals, sulfur, phosphorus, the 
halogens, and hydrogen to form mixtures of fluorides and oxides.*® 
Although it dissolves appreciably in water, the resulting solutions 
possess no acidic properties. This fact plus the observation that 
oxygen difluoride is converted by basic hydroxides to fluoride and 
oxygen indicates that the compound is not an acid anhydride. Aque¬ 
ous solutions of the gas are strong oxidizing agents as indicated by the 
couple 

H:0 + 2F- F:0 + 2H+ + 2e- = -2.1 volts 

Oxygen difluoride was first detected in fluorine released by the elec¬ 
trolysis of moist potassium hydrogen fluoride,** but it is more con¬ 
veniently prepared by the reaction of fluorine with sodium hydroxide 
solution** according to the equation 

2 F 2 + 2NaOH — 2NaF + FjO + H,0 

To avoid destruction of the product by the alkali, minimum contact 
between the two is necessary. Details of the procedure leading to 
a 70% yield are found in the original paper.** The compound is pro¬ 
duced in other reactions involving elementary fluorine, for examp e, 
in its reaction with periodic acid.*^ 

”0. Ruff ana W. Mcnzel: Z. anorg. nllgcm. Ckem., 198, 39 

E. Stitton aiirl I.. O. Prorkway: J. /Im. Chrm. Soc . 57, 473 (193.‘>). 

** P. liCBcaii uimI a. Datnims; Compl. rend., 186, 052 (192«). 

*> P. LeBcau ami A. Damiens: Compl. rend.. 188, 1253 (1929) 

MG. H. Rohrback and G. H. Cady: J. Am. Chem. Soc.. 70, 2003 (1948). 
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Oxygen monofluoride, O 2 F 5 , is a red liquid which undergoes suffi¬ 
cient thermal decomposition at above —95®C. to prevent an accurate 
evaluation of its boiling point. It freezes at —100*^0. to an orange 
solid.“ The pale-brown vapor has a density corresponding to the 
composition O 2 F 2 below -lOO^C. but undergoes thermal decomposi¬ 
tion to a mixture of oxygen and fluorine at higher temperatures.** 
The density of the liquid at -ISO^C. is 1.734 gram^ per ml.“ The 
chemical properties of the compound have not been evaluated. 
Oxygen monofluoride is prepared** by the action of a glow discharge on 
a mixture of oxygen and fluorine at liquid air temperatures and pres¬ 
sures of 15 to 20 mm. 

Oxides of Chlorine. Of the four known oxides of chlorine, the com¬ 
pounds CI 2 O, CIO 2 , and CI 2 O 7 have been known and studied extensively 
for some time. The hexoxide, CbOc, has been characterized more 
recently. Some data on the more characteristic physical properties of 
these compounds are summarized in Table 13-6.*’ 

TABLE 13-6 

Physical Constants of Chlorine O.xides 


Property 

CbO 

CIO, 

CUO. 

CUO, 

Molecular weight 

86.914 

67.457 

166.914 

182.914 

Melting point, ®C. 

-116 

-59 

3.5 

-91.5 

Boiling point, *C. 

2 

11 0 

203 (calc.) 

80 

Heat of vaporization, 
kcal./mole 

6 20 

6.52 

9.50 

8,29 

Vapor pressure, mm. at 
0*C. 

699 

490 

0.31 

23,7 

Density, grams/m). 


1.64 (O^^C.) 

2.02 (3.5^C.) 

1.86 (0*0.) 

C^lor (gas) 

yellowish-red 

yellow 

red 



Liquid chlorine monoxide, CljO, explodes readily on contact with 
reducing agents but can be distilled without decomposition in their 
absence. The gas explodes on heating to a mixture of chlorine and 
oxygen. The gas is soluble in water to the extent of some 200 volumes 
to 1 of water at 0®C., forming an orange-yellow solution containing 
hypochlorous acid. This reaction is reversible. Electron diffraction 
data”' ” show the gas molecule to be angular, Cl—O—Cl bond angle 
111 ®, with Cl—0 and Cl—Cl bond distances of 1.71 A and 2.82 A, 
respectively. ’ 


“0. Ruff and W. Mensel: Z. anorg. allgem. Chem., 211, 204 (1933); 217, 85 
0^3T). 

**P. Frisch and H.-J. Schumacher: Z. anorg. allgem. Chem., 229, 423 (1936)- 

2. pAystfc. CAem., B34, 322 (1936). 

”C, F. Goodeve and F. D. Richardson: J. Chem. Soc., 1937, 294. 

J. D. Dunitt and K. Hedberg: J. Am. Chem. Soe., 72, 3108 (1950). 
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The compound is best obtained by passing chlorine over freshly 
precipitated mercury(II) oxide, which has been dried previously at 
300® to 400®C., according to the equation 


2CU + 2HgO HgCij HgO + CljO 


The gaseous product is easily condensed to a liquid (Table 13*6). 

Chlorine dioxide, CIOj, although long more or less of a laboratory 
curiosity, has been developed recently into a commercial chemical 
because of its superior bleaching properties toward cellulosic materials, 
its excellent germicidal action in water purification, and its relation 
to the production of chlorites.’®"^* Electron diffraction data** show 
the gas molecule to be angular, 0—Cl—0 bond angle 116.5®, with a 
Cl—0 bond distance of 1.49 A. This compound is an example of the 
class of materials known as odd molecules (p. 212). Tike most such 
materials, it is extremely reactive. Pure gaseous chlorine dioxide 
explodes violently, as do mixtures of appreciable quantities of chlorine 
dioxide with reducing agents. The gas can be handled safely if diluted 
with carbon dioxide or air. Air-chlorine dioxide mixtures explode if 
the partial pressure of the chlorine dioxide exceeds 70 mm. of mercury, 
but partial pressures of 2 to 30 mm. appear safe.*® Chlorine dioxide 
is a powerful oxidizing agent as indicated by the couple 

Cl- + 2H,0 ClOi + 4H+ + 5e- " 1-50 volts 

Mole for mole it will oxidize 2M times as much material as elemental 
chlorine. It reacts with water or basic hydroxides to give mixtures 
of chlorites and chlorates, and with many metals** and metal perox¬ 
ides*®*” to yield corresponding chlorites. Classically, the compoun 
is prepared by reacting a chlorate with sulfuric acid at low tempera¬ 
tures, and distilling. Although this procedure is dangerous, it can e 
carried out successfully under rigidly controlled conditions^ e 
results are obtained when oxalic acid is used, the carbon dioxide 

erated in terms of the equation 

2KC10j + 2HjC.O, -> 2C10i + 2CO, + K'.CjO, + 2HiO 

acting as a diluent. Technical methods'" involve electrolysis, as 


2Nari + 2NaC10, + 2H,0 — 2C10, + 2Nari + 2NaOH + H, 

.. J F. White, M. C, Taylor, amt G. V. Vioreat: InJ E,,!,. Chrm.. 84, 782 (1942) 

••E. R. Woodward: Chem. Eng. 22, 1092 j„„a. j, Chtm 

.. G. 1'. Vioccnl, E. O. Fcrich, J. F. Synan, and E. R. Woodwar 

,Pduainon, 22, 283 (194.5). cn? n0471 

M. Bigorgnc: Compl. rend.. 226, 527 (1047). 
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or preferably interaction of chlorite and chlorine diluted with air, as 

(HK)) 

2NaClOi + Cla-^ 2NaCI + 2Cl0j 

The latter process may be controlled by coiitcplling the rate of flow 
of chlorine. The compound is best generated as it is used to avoid 
hazards. The reaction of silver chlorate with chlorine 

2AgC10, + Cli — 2AgCl + 2CIOi + Oj 

has been suggested as a safe method for laboratory preparations.^’ 
The hexoxide, CUO®, has been studied recently in considerable 
detail.”'The physical constants given in Table 13-6 suggest 
a greater degree of packing than in other chlorine oxides’^ and may be 
in accord with the non-planar arrangement 






: O : Cl 
• • • • 

: O : 


Cl :0: 
• » « » 

: O ; 

• • 


The compound has a molecular weight in carbon tetrachloride corre¬ 
sponding to the composition CljOe.” Such a material is diamagnetic. 
However, in the liquid state and in aqueous solution, the compound 
exhibits paramagnetism. This may be interpreted as resulting from 
some decomposition to the odd molecule ClOi according to the equi¬ 
librium expression*' 


CltOe + heat ^ 2C10, 


The equilibrium constant over the range -40® to 10®C. has a mag¬ 
nitude of the order of S’*" X 10*. Thermal decomposition into chlorine 
dioxide and oxygen, even at the melting point, is appreciable. The 
compound is sufficiently strongly oxidizing to react explosively with 
reducing apnts such as ordinary stopcock grease. With alkali it 
yields a mixture of chlorate and perchlorate. Chlorine hexoxide is 


” F. E. King and J. II. Partington: Chem. Soc., 1M6, 925 

Chem., 147. 233 

Schumacher and G. Stieger: Z. anorg. allgtm. Chem., 184. 272 (1929) 

M. 790 “■* *'• Ri'lordson: Traw,. Faraday Soc., 
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best prepared by the action of ozone on chlorine dioxide”* at 0* to 
6°C., followed by fractionation, although irradiation of chlorine dioxide 
with ultraviolet also yields the material.***” 

Chlorine heptoxide, CI2O7, is more stable than either the monoxide 
or the dioxide, but detonates when heated or subjected to shock. As 
an oxidizing agent, it is also inferior to the lower oxides. With water, 
it forms perchloric acid. It may be obtained as a colorless, oily liquid 
by dehydrating perchloric acid with phosphorus(V) oxide at — 10®C. 
and then distilling at 85®C.*® Proper precautions are necessary to 
avoid explosions. 

The existence of chlorine tetroxide, CIO4, has been questioned.” 
The formation of this material in ether solution as a result of the reac¬ 
tion indicated by the equation 


2 AgCl 04 + I 2 — 2AgI + 2 CIO 4 

has been postulated by Gomberg^® because such solutions yield metal 
perchlorates when treated with metals and perchloric acid when treated 
with water. However, some perchloric acid always results in the 
silver perchlorate-iodine reaction. If the compound does exist, it is 
probably more a free radical than an oxide. Gomberg believed it to be 

a dimer, { 0104 ) 2 . , 

Oxides of Bromine. All the oxides of bromine have been prepared 

and studied only comparatively recently. Bromine monoxide, BrjO, is 
dark brown in both the solid and the liquid states. The solid melts at 
-17.5 ± 0.5°C., but neither the vapor pressure of the liquid nor its 
boiling point has been determined because of decomposition. Decom¬ 
position to bromine and oxygen occurs at any temperature above 
-40®C. Bromine monoxide dissolved in carbon tetrachloride is con- 

verted to hypobromite when shaken with alkali at 0 C., ^ 

the pure oxide is used, bromate results as well os hypobromite. r^ 
sumably, the oxide reacts with water to yield hyprobromous acid but 
the latter decomposes very rapidly to give bromate. 
monoxide possesses oxidining character, converting iod.de to iodine, 
for example. The compound is prepared by passing bromine P 
over mercury(II) oxide obtained by precipitating a mercury(II) 

.1 H. Booth nnd E. J. Bowen: 7. Chtm. Soc., 6'0 (1025). 

C. F. Goodeve and J. Powncy: J. Chem. Soc.. 1932, ZU/». 

** C. F. Goodeve: Trans. Faratiny Soc., SO, 30 (1931). 

« M. Gomberg: J. Am. Chem. S^., 46. 398 (I9m 
»i R. Schwarz and H. Wide: Naiurunssenscha/lcn, 36, 

Chem.. 163, 157 (1939). 
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chloride solution at SC’C. with sodium hydroxide and drying the 
product at 150*C.,“ the optimum reaction temperature being 50® to 
60®C. 

An alternative procedure involves reaction of mercuryfll) oxide 
with bromine dissolved in carbon tetrachloride.** Reaction first at 
40® to 45®C., and then at 0® to — 18®C. yielded 32 to 42% conversions. 
Bromine monoxide also results from the thermal decomposition of the 
dioxide in vacuum,** and this procedure can be used to obtain the 
compound in the pure state. 

The oxide BrjOg exists in two solid modifications with a transition 
at —35 ± 3®C. It is stable at —80®C., but at higher temperatures it 
can be preserved only in the presence of ozone. With water, it gives 
a colorless solution possessing both acidic and oxidizing properties. 
Lewis and Schumacher** consider the primary product to be the sub* 
stance H^BrjOio, which undergoes immediate decomposition to hydro- 
bromic acid, bromic acid, water, and oxygen. This oxide is obtained** 
by reaction of ozone with bromine vapor at —5® to 10®C., the product 
depositing as a white solid on the walls of the reaction chamber. The 
structure of this oxide should be of considerable interest. 

Bromine dioxide, BrOj, is formed as a yellow solid which is stable 
below —40®C. but decomposes at higher temperatures and under 
atmospheric pressure to bromine and oxygen. In a vacuum, it is 
decomposed to the monoxide and a white product which may be the 
heptoxide, BrjO?. It is less explosive than its chlorine analog. It is 
soluble in carbon tetrachloride and in water but reacts with water. 
With alkali, it gives bromate and bromide. It oxidizes iodide to 
iodine. Bromine dioxide is obtained by passing a mixture of oxygen 
and bromine at low pressures through a discharge tube, the lower por¬ 
tion of which is cooled by liquid air,** and distilling at -30®C. to 
remove unreacted bromine. 

Oxides of Iodine. Although a number of binary oxygen-iodine 
compounds have been prepared, the only true oxide appears to be the 
pentoxide, IjOs. The other compounds, 1*04 and I 4 OB, appear to 
be salt-hke in character and are more properly considered as iodine 
lodates. This is in keeping with other information which has accumu¬ 
lated on the basic nature of iodine (p. 460).** 


“E. Zmtl and G. Rienacker: Ber., 63B, 1098 (1930). 

“W. Brenschede and H.-J. Schumacher: Z. physik. Chtm., B29, 356 (1935)- 

Z. onorp. CAcm., 226, 370 (1936). ^ 

** R. Schwarz and M. Schmeisser: Ber., 70B, 1163 (1937). 

“noTB. ailgem. Clum., 182. 182 (1928). 

I. Masson and C. Argument: J. Chem. Soe., 1638, 1702. 
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Iodine pentoxide, ItOs, is a white powder (sp. gr. 4.^) which may be 
fused without undergoing decomposition. At temperatures above 
300®C., it decomposes to iodine and oxygen. It behaves as an oxidizing 
agent toward materials such as carbon monoxide, hydrogen sulfide, 
and hydrogen chloride and is reduced by them to iodine. With water, 
it yields iodic acid solutions. The oxide can be prepared by pyrolysis 
of either the compound 1*04 or the compound I4O9, by oxidation of 
iodine with concentrated nitric acid, or by dehydration of iodic acid 
at 200“ to 240“C. 

The compound I2O4 is normally regarded as an iodyl iodate, (lO)IOj, 
rather than as a derivative of tetrapositive iodine, although no evalua¬ 
tions of its molecular complexity ( 1*04 versus 10*) or structure have 
appeared. It is a yellow, crystalline solid (sp. gr. 4.2) which is only 
slightly soluble in cold water and is insoluble in dry ether or glacial 
acetic acid. With hot water, it yields iodic acid and iodine, and with 
absolute ethanol largely iodine pentoxide.*’ With alkali, it yields 
iodate and iodide, whereas with hydrochloric acid it gives chlorine 
and iodine monochloride. Thermal decomposition to the pentoxide 
and iodine occurs above 85“C. and becomes rapid at 135“C.‘* The 
compound is formed*’”** by warming iodic acid with concentrated sul¬ 
furic acid and is recovered by crystallizing over a period of some days, 
filtering, and drying, preferably** below lOO^C. 

The compound l 40 > is commonly regarded as a normal iodous or 
iodine(III) iodate, 1(10,),. It is a light yellow, hygroscopic powder 
which decomposes at 75“C. or above to the pentoxide, iodine, and 
oxygen. With water, it yields iodine and iodic acid ultimately, the 
primary reaction to give the substance I(OH), and iodic acid being 
followed by conversion of the former to iodic and hydriodic acids and 
their subsequent interaction.** The compound is prepared by reaction 
of ozone with iodine either in the vapor state or in solution m chloro¬ 
form, carbon tetrachloride, or nitrobenzene.**-*'’ Alternatively, »o ic 
acid can be treated with concentrated (sp. gr. 1.70) phosphoric aci 

to give the compound plus oxygen and iodine.** 

The compounds 1*0, and 1*0 do not exist in the free stat^ 
ever, in the preparation of 1,0, a yellow iodyl sulfate, (IO),SO. 
may be regarded as an aeid-stal.ilited 1.0.,» results. The same 
proLct is obtained by reacting iodine with iod.ne pcntox.de in 

»» M. M. P. Muir: J. Chem. Soc.. 96, C56 (1909). 

M R. K. Bahl end J. R. Partington: J. Chtm. Soc., 1986, 

H. Kappcler: Bcr., 44, 3496 (1911). 

« F. Fichtcr and F. Rohner; Bcr., 42, 4093 (1909). 

•« F. Fifhtor and H. Kappcler: Z. anorg. Chem., 91, 134 (I9ia;. 
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92 to 98% sulfuric acid®* or by heating iodic acid with sulfuric acid 
until iodine is evolved. In the presence of excess 8ulfur(VI) oxide, 
the yellow iodyl sulfate reverts to a normal solvated iodine(in) sul¬ 
fate, I 5 (S 04 ) 3 -H 2 S 0 h. Some evidence for an iodine(I) cation has l)een 
obtained by dissolving iodine and iodyl sulfate in concentrated sulf\iric 
acid.®* Further studies on these compounds should be profitable. 


The oxy acids of the halogens and their salts 

As indicated in the preceding section, certain of the halogen o.vides 
may be regarded as anhydrides of oxygen-containing halogen acids. 
In such acids (or their salts) the halogen serves as a central atom to 
which one or more oxygen atoms are covalently bonded. Because of 
electronegativity differences, these bonds are more or less polar in 
character, with the halogen being electropositive. On this basis, such 
a series of fluorine compounds would be unexpected, a conclusion in 
keeping with the lack of acidic properties among the oxygen fluorides 
(p. 430). Reports do suggest, however, that salts derived from oxy- 
fluorine acids can be prepared. For example, fluorination of 50% 
potassium hydroxide solution at -50“C. yields a solution with oxidiz¬ 
ing properties from which a solid can be obtained which shows 
oxidizing properties even after repeated fusions.®^ It is possible that 
either hypofluorite or fluorate is present. In like manner, electrolysis 
of a mixture of fused potassium hydroxide and fluoride yields a prod¬ 
uct which is precipitated by silver nitrate from nitric acid solution, 
presumably as a silver fluorate. The preparation of trifluororaethyl 
hypofluorite, CFjOF, by fluorination of methanol and carbon monoxide 
in the presence of silver(II) fluoride has been described.®® Further 
work appears indicated, but it is probable that such compounds cannot 
be considered as analogs of those of the other halogens.®* 

Sufficient differences exist among the oxy compounds of chlorine, 

bromine, and iodine to preclude generalizations embracing them alb 

With the oxy-chlorine compounds, however, the trends in properties 

summarized in Table 137 are well established. As a first hypothesis 

these trends may be used in approaching the analogous bromine and 
iodine compounds. 

Standard potential data essential to an understanding of variations 


" 

K b' kT" “"‘‘l r H Soc.. S6, 2431 (1933). 

•• G H P ^ ’’O' 3988 ('948). 
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TABLE 13-7 

General Variations in Properties of Oxy Acids of Chlorine and Their 


Thermal 

stability 

iDcreasea. 

Oxidising 

power 

decrees ca. 

Acid 

strength 

increases. 


Salts 


Acid 

Salt 

Hoa 

MOCI 

HOCIO 

MOCIO 

HOClOt 

MOCIO 

HOCIO, 

MOCIO 


Thermal stability increases. 


Oxidising power decreases. 


Thermal 

stability 

increases. 

Oxidising 

power 

decreases. 

Base 

strength 

of anion 

decreases. 


in oxidizing powers among these materials are summarized in Table 
13-8. If reduction to the free halogen is considered, oxidizing power 
decreases with increase in oxidation number of the halogen for chlorine, 
bromine, or iodine. If reduction to the halide ion is considered, the 
same is generally true in alkaline solution. However, in acid solution 


TABLE 13 8 

Standard Potentials Characterizinq Oxt Anions of the Halogens 


Reaction 


^!n» 

volts 

m 

Br 

I 

1. Reduction to X, in acid solution 
iX, + HjO ^ H-^ + HOX + e- 

-1.63 

-1 59 

-1.45 

JX, + 2H,0 3H* + HOXO + 3e- 

iX, + 3H,0 ==: 6 H"- 4- XOr + Sc* 

-1.63 

-1.47 

-1.62 

-1.195 

JX, + 4H,0 8 H-^ + XO 4 - + 7e- 

-1.34 


-1.38(H,10,) 

2. Reduction to X“ in acid solution 

X- + H,0 ^ + HOX + 2e- 

-1.49 

-1.33 

-0.99 

X- + 2H,0 3H+ + HOXO + 4e- 

X- + 3H,0 6 H+ + XO,- + 6 «- 

-1.56 

-1.46 

-1.67 

-1 09 

X- + 4H,0 ^ 8 H+ + XO«“ + 8 e- 

-1.34 


-1 27(H,IO,) 

3. Reduction to X“ in alkaline solution 

X- + 20H- XO- + H,0 + 2e- 

-0.94 

-0.76 

-0.49 

X- + 40H- ^ XOr + 2H,0 + 4 e- 
X- + 60H- ^ XOr + 3H,0 + 6e' 

-0.76 

-0.62 

-0.61 

-0 26 

X- + 80H- ri XO 4 - + 4H,0 + Be' 

-0 51 


-0.38(10,-*) 


the reverse is true with both bromine and iodine, and chlorous acid 
and hypochlorous acid occupy reversed positions among the chlorine 
materials. Inasmuch as reduction to halide is especially common, 
these trends are important. It must be pointed out also that periodate 
is always more strongly oxidizing than iodate whereas with c i 
the reverse is always true. Comparison of these potential values with 
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those for reduction of free halogens to halide ions shows that the oxy 
acids are in general better oxidizing ageiUs under comparable condi¬ 
tions. From a preparative point of view, these data are useful in 
indicating that chlorate in acid solution will oxidize iodine to iodate but 
not bromine to bromate and that bromate will convert chlorine to 
chlorate or iodine to iodate. 

Hypohalous Acids and Hypohalitcs. Because of their thermal 
instabilities, the hypohalous acids are encountered in aqueous solution 
but not in the free condition, although a crystalline hydrate, HOCl- 
2 H 2 O, has been isolated” as the solid phase in equilibrium with con¬ 
centrated hypochlorous acid solutions. In water, the acids are all 
weak, with acid strength decreasing with increasing size of the central 
halogen. At 25®C. (p. 315) for hypochlorous acid is of the order 

of 8.” Hypohalites containing weakly acidic cations such as alkali 
metal ions are thus strongly hydrolyzed. Hypoiodous acid is some¬ 
what amphoteric, as evidenced by its conversion to iodine mono¬ 
chloride by hydrochloric acid. Water solutions containing hypohalous 
acids are prepared by hydrolysis of the free halogens as 

Xj + HiO ;=± H+ + X- + HOX 

the extent of the conversion decreasing in the series chlorine-bromine- 
iodine. A better general method of preparation involves shaking an 
aqueous suspension of mercury(II) oxide with the free halogen as 

2 X 2 -h 2HgO + H 2 O ^ HgO HgX, -b 2HOX 

since direct reaction with water is reversible and yields halide as well. 
Aqueous hypochlorous acid may be concentrated by distillation 
although heat in general either causes liberation of the free halogen 
or conversion to halate and halide. 

The free halogens react with cold dilute alkalies to give hypohalites 
as 

Xj -1- 20H- OX- + X- -b H 2 O 
which on heating revert to halates and halides as 

30X- XO,- -b 2X- 

Of the hypohalites, the hypochlorites are the most common, being 
used technically as bleaching agents. Commercial aqueous hypo¬ 
chlorite is made by electrolysis of chloride solutions under conditions 
where anode and cathode products can mix. Calcium hypochlorite, 

!! S* G. H. Cady: J. Am. Chem. Soc., 68, 1036 (1940). 

** P. G. Soper: J. Ckem. Soc., IW, 2227 (1924). 
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obtained by the interaction of chlorine with calcium hydroxide, and 
a mixed hypochlorite chloride, Ca(OCI)Cl, called bleaching powder, 
are common commercial bleaching agents. 

Halous Acids and Halites. Neither chlorous, bromous, nor iodous 
acid can be isolated in the free form, nor is there any really clear evi¬ 
dence that the last two compounds exist even in aqueous solutions. 
Chlorites are well-characterized materials, but evidence for the exist¬ 
ence of bromites and iodites is largely indirect. It may be that they 
result as unstable intermediates in the thermal decomposition of 
hypobromites and hypoiodites as 

2X0- XOr -f- X- 

Chlorous acid has no true anhydride. However, as mentioned above 
(p. 432), it may be regarded as being derived from the mixed anhydride 
chlorine dioxide. Chlorine dioxide does not react directly with water 
to give chlorous acid, although it does yield chlorites (mixed with 
chlorates) with alkalies as 

2C10i -H 20H- -* CIO,- 4- ClOr + H^O 

However, an aqueous solution of chlorous acid can be prepared by 
reacting a suspension of barium chlorite with sulfuric acid and filtering. 
As previously indicated, such a solution is strongly oxidizing in char¬ 
acter. The acid is only moderately weak with a of the order of 2. 

The chemistry of the chlorites has been reviewed extensively by 
White, Taylor, and Vincent” and by Vincent, Fenrich, Synan, and 
Woodward.^’ Interest in chlorites has stemmed from their explosive 
and bleaching characteristics. Although the heavy metal chlorites 
have been studied as detonators, they are probably too unpredictable 
to be useful. As bleaching agents toward ccllulosic materials, how¬ 
ever, the alkali metal chlorites are unsurpassed." Chlorites appear to 
he comparatively stable in alkaline medium but undergo decomposi¬ 
tion in acid solution, probably iii terms of the equation 

4HC10j — 2010, 4- CIO,- 4- Ch 4- 2H+ -H H,0. 

When heated, they arc converted to chlorates and chlorides. As pre¬ 
viously mentioned, they react with chlorine to give chloride aix 
(rhlorine dioxide. Methods of preparation involve reaction of alkalies 
with chlorine dioxide or, better, reaction of chlorine dioxide with 

peroxides as 

Na.Os 4- 2(’!0, — 2NaC10, 4- 0, 

BaO, + 2C10: Ba(Cl(),)2 4- O, 

•*G. P. Vincoat: Chem. Eng. ^ews, 31, 076 tl94:t). 
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Direct reaction of chlorine dioxide with metals has been mentioned 
{p. 432). 

Halic Acids and Halates. Chloric and bromic acids, although 
obtainable in solution, cannot be isolated as such because of decom¬ 
position. Iodic acid, however, is a stable white solid, which is readily 
obtained by oxidizing iodine with chloric acid solution, with concen¬ 
trated nitric acid, with hydrogen peroxide, mth ozone in the presence 
of water, or with chlorine in aqueous solution or by reaction of barium 
iodate with sulfuric acid. It forms colorless rhombic crystals which 
melt at 110®C. to give a solution plus solid SIzOs-HjO. Chloric and 
bromic acid solutions are conveniently prepared by reacting the barium 
salts with sulfuric acid and filtering. All the halic acids are strong 
acids and powerful oxidizing agents. As such, they react with a 
variety of bases and reducing agents. Chloric acid solutions may yield 
oxygen and chloride, perchlorate and chloride, or chlorine dioxide and 
oxygen on decomposition. 

The halates commonly result from the interaction of halogen with 
hot alkali as 

3 X 2 + 60H- -» XOa- + 5X- + 3HjO 

or from the thermal decomposition of hypohalites. Commercially, 
electrolysis of hot halide solutions in the absence of a diaphragm is 
most often employed. Although most chlorates are water soluble, 
bromates are in general markedly less so, and many iodates, especially 
those of the heavy metals, are quantitatively insoluble. All halates 
undergo thermal decomposition. With chlorates, thermal decom¬ 
position leads to chloride and oxygen at high temperatures and to 
perchlorate and chloride at more moderate temperatures. With 
bromates, it leads to bromide and oxygen in some cases and to metal 
oxide, bromine, and oxygen or to metal oxide and bromide in others; 
but perbromate is never formed. With iodates, iodide and oxygen or 
oxide, iodine, and oxygen or periodate and iodide result. Iodates, 
unlike the others, show a marked tendency to crystallize with iodic 
acid, compounds such as KIO 3 HIO,, KIO,-2HIO, being common. 
Iodic acid also adds to other compounds as well. Chlorates are useful 
in matches and pyrotechnics. Bromates and iodates are most com¬ 
monly employed as analytical reagents. 

Perhalic Acids and Perhalates. Neither perbromic acid nor its salts 
are known. The other materials are well characterized. However 
the differences between the perchlorates and the periodates are suffi¬ 
cient to warrant discussion of these materiaU as two separate topics. 

Perchloric acid, HCIO4, is commonly obtained in aqueous solution, 
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although the pure anhydrous compound can be prepared by vacuum 
distillation us a colorless Ii<iuid, freezing at -1 i2°C. and boiling with 
decomposition at 90'’C. under one atmosphere of pressure. A num¬ 
ber of hydrates, IIClO^ nHjO, where n = 1, 2, 2.5, 3, 3.5, are known 
as crystalline compounds, the most characteristic being the 1-hydrate, 
which is culled oxonium or hydronium perchlorate because of the 


analogy between its x-ray pattern and that of ammonium perchlor¬ 
ate.^*' This is a crystalline material melting at 50®C., and it is formed 
when potassium perchlorate is distilled with four times its weight of 
concentrated sulfuric acid. Commercial 72% perchloric acid contains 
only sliglitly more water than the 2-hydrate. 


Perchloric acid is a very weak oxidizing agent when cold and dilute, 


but when hot and concentrated its oxidizing strength is so enhanced 
that it may react with explosive violence if an even reasonably strong 
reducing agent is present.^* Many metals are oxidized by hydrogen 
ion in cold perchloric acid without reduction of the anion. On the 
other hand, in the hot acid, anion oxidations, such as Cr(0) to Cr(VI), 
are not uncommon. Solubility in perchloric acid is enhanced not only 
liecause the acid is the strongest of all acids but also because most 
perchlorates arc water soluble. Combination of oxidizing effect, acidic 
strength, ahd solubility of its salts makes perchloric acid a valuable 
analytical reagent.^* For analytical purposes, the acid is often mixed 
with sulfuric or nitric acid. Inasmuch as perchlorate ion has no meas¬ 
urable tendency to form complex ions with metal ions (p. 237), it is 
commonly employed in studies where the absence of complex ions 
must be assured. 

Perchloric acid can be prepared by treating perchlorates with sul¬ 
furic acid and distilling. A modification, due to Willard,” involves 
reacting ammonium perchlorate with nitric and hydrochloric acids as 


34 NH 4 CIO 4 + 30HNO, + 8HC1 

34 HCIO 4 + 4C1, + 35N,0 + 73H,0 


concentrating the dilute solution at 198® to 200®C. to eliminate unre- 
aefed hydrochloric and nitric acids, and distilling under vacuum, 
^'his procedure is of commercial importance. The electrolytic oxida¬ 
tion of chlorate to perchloric acid is also feasible.” 

Perchlorates are obtained by neutralization of the acid, by reaction 

M. VoIiiht: Ann., 440 , 200 (1924). 

G. F. Smith: Perchloric Acid, 2n(l Ed., G. F. Smitli Chemical Co., Columbus, 
Ohio (1951). 

H. H. Willard: J. Am. Chem. Soc., 84 . 1480 (1912). 

K. C. Newnam and F. C. Mathers: Traru. Eiectrochem. Soe., 78 , 271 (1939). 
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of the acid with metals, by thermal decomposition of chlorates under 
controlled conditions, or technically by electrolytic oxidation of 
chlorates. They bear many resemblances to permanganates and per- 
rhenates and are often isomorphous with them. Cesium, rubidium, 
potassium, and, to a lesser extent, ammonium perchlorates have 
limited solubilities. The others are generally soluble. Silver per¬ 
chlorate is unique in that it is soluble in either water or hydrocarbon 
solvents such as benzene. The perchlorates are weaker oxidizing 
agents than the acid, although at elevated temperatures they react 
vigorously. The anhydrous magnesium and barium compounds are 
widely used as excellent desiccants.’* 

A series of periodic acids is known, either as such or in the form of 
salts. These acids may be regarded as hydrates of a hypothetical 
iodine(VII) oxide and formulated as IjOt hIIsO. The best known of 
these acids is the 5-hydrate, I 2 O 75 H 2 O or HilOe, so-called para- 
periodic acid. It consists of colorless monoclinic crystals which melt at 
140®C. with decomposition to iodic acid, water, and oxygen (plus some 
ozone). At 80®C. and under vacuum, this compound loses water to 
form the 2 -hydrate, UOt^HjO or dimesoperiodic acid, and 

at 100®C. the l-hydrate, UOy-HjO or HIO^, metaperiodic acid, results. 
Salts of a hypothetical 3-hydrate, IjOtSHjO or HsIOj, mesopcriodic 
acid, are also known. The situation among these acids is comparable 
to the situations existing with such neighbors of iodine as antimony 
and tellurium. The enhanced size of iodine permits the iodine atom 
to surround itself with six oxygens in a stable arrangement, whereas the 
smaller chlorine can accommodate no more than four. The 
group is octahedral, the 104 “ group tetrahedral. In aqueous solutions 
in the pH range of 0 to 7, the species HJO*, HilOr, I 04 “, and HjIOr* 
and the equilibria involving them are sufficient to account completely 
for observed spectrophotometric and potentiometric behaviors.’* 

The periodic acids are both strong acids and strong oxidizing agents. 
As oxidizing agents, they resemble iodic acid but are somewhat more 
powerful (Table 13*8). Many metals, non-metals, and compounds, 
both inorganic and organic, are oxidized. In fact, the oxidizing prop¬ 
erties of periodic acid form the bases for numerous useful analytical 
methods.’^ Although periodic acids and the periodates often liberate 
ozone when they react, they do not give hydrogen peroxide in acidic 
solution and are not obtained as a result of peroxide oxidation. As a 

C. E. Croutlinmcl, A. M. Hayea, and D. S. Martin: J. Am. Chem. Soc., 7S, 82 

^io51)» 

Applications of Periodic Acid and Iodic Acid and 
Thetr Sails, 5th Ed. G. F. Smith Chemical Co., Columbus, Ohio (1950). 
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consequence they cannot be peroxy acids (p. 512). Periodic acids 
serve as parent acids for a series of poly acids containing molybdenum 
and tungsten (p. 274). Paraperiodic acid can be prepared by reacting 
the meso silver salt AgsIOs with chlorine and crystallizing the filtrate, 
but a better method^* involves treatment of barium paraperiodate with 
concentrated nitric acid and cr>'stalli 2 ation after removal of precipi¬ 
tated barium nitrate. Commercially, the acid is prepared by the 
electrolytic oxidation of iodic acid.’^ 

Salts of all the periodic acids are obtainable by direct or indirect 
means. Commonest among them are the paraperiodates. Like the 
acids, the periodates are powerful oxidizing agents and are used as 
such. In many ways they are more like the tellurates than the per¬ 
chlorates. These compounds do not result, in general, from the 
thermal decomposition of iodates (compare chlorine). Quite the con¬ 
trary, they are often decomposed themselves to the less strongly o.xi- 
dizing iodates when heated. The acid salt Na 3 H 2 lO« is readily 
obtained by the oxidation of sodium iodate with chlorine or peroxydi- 
sulfate in sodium hydroxide solution.’’' This compound can be con¬ 
verted to the meta salt (NalOi) by treatment with excess concen¬ 
trated nitric acid and crystallization as a 3-hydrate.” Chlorine oxida¬ 
tion of potassium iodate in alkaline medium yields insoluble potassium 
metaperiodate rather than the soluble para salt.” The barium com¬ 
pound is obtained as a precipitate when sodium paraperiodate solution 
is treated with barium ion.” 

The fact that no perbromic acid or perbromate has been prepared is 
puzzling. Bromine shows a notable reluctance to form oxy com¬ 
pounds of any type, as is evidenced by the instabilities of the oxides 
(p. 434) and the oxy acids. Structurally, there is no logical reason 
for the non-existence of perbromic acid or its salts. It may well be 
that the absence of preparative procedures stems from lack of correct 
approach. That the bromine oxides have been prepared only recently 
(p. 434) lends some support to this argument. 

fnterhalogen compounds 

The stabilities of the diatomic halogen molecules suggest that the 
sharing of electron pairs essential to their formation might also occur 
between atoms of different halogcn.s. 'I'his would lead to molecules 
of the type XX'. Except for the iodine-fluorine compound, all pos¬ 
sible examples of this type of interhalogen material have been prepared. 

H. H. Willard: [noryanic Syntheses, Vol. I. p. 172. McGraw-Hill Book Co., 

New York (1939). 

” ibid., p. 168. 
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Interestingly enough, however, examples of more complicated com¬ 
pounds of general compositions XX,', where n = 3, 5, or 7, are also 
known.” The structures of these compounds and the bond types 
characterizing them provide interesting problems. 

The interhalogen compounds result either from the direct combina¬ 
tion of two halogens or from the reaction of a lower interhalogen 
compound with a halogen. Such reactions proceed with varying 
vigor, depending upon the differences in electronegativities of the 
halogens which are involved. Although compounds containing three, 
five, or seven atoms of one halogen might appear, at first glance, to 
be addition compounds involving diatomic interhalogens and free 
halogen molecules, their properties are those of covalent compounds 
and are consistent with the assumption that they contain a central 
halogen atom surrounded by covalently bonded atoms of the other 
halogen. In such compounds, the smaller of the two halogens is 
invariably present in the larger quantity, the larger halogen then 
functioning as the central element. As the central halogen increases 
in size, its covalency, or its ability to accommodate atoms of the other 
halogen, increases. This is apparent, for example, in the series ClFi, 
BrFj, IF 7 . 

Although the simplest interhalogens, of necessity, possess liimar 
structures, little is known about the structures of the higher ones. It 
is apparent from the formulas that all these compounds contain even 
numbers of electrons and that the central atoms must possess unshared 
electron pairs in molecules of all types except XX7'. Since it is known 
that such unshared pairs sometimes influence the positions of other 
bonds formed by the element in question, they may perhaps be con¬ 
sidered as occupying definite positions in space. Thus, in IClj a 
trigonal bipyramid may result with the three chlorines in a plane about 
the iodine, the two unshared pairs being directed toward the apices. 
This would be in accord with dh or sp* bonding (p. 203). Similarly, 
in iodine pentafluoride, a square pyramid structure with four fluorines 
in a plane with the iodine and the other fluorine and the unshared 
electron pair occupying the fifth and sixth octahedral positions seems 
likely.” This would permit bonding such as d^p* (p. 203). However, 
Raman data for chlorine trifluoride suggest that its structure is a 
symmetrical pyramid.*® Similar data plus spectroscopic values indi¬ 
cate that the structure of iodine pentafluoride is a tetragonal pyramid, 

”N. V. Sidgwick: Ann. Reports, 80, 128 (1933). 

” A. F. Wells: 5iruc/ur<ji Inorganic Chemistry, 2nd Ed., pp. 261-264. aarendon 
Press, Oxford (1950). 

“ K. Schufcr and E. Wicke: Z. Blektrochem., 63, 205 (1948). 
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with four fluorines at the corners of the square base and the iodine and 
fifth fluorine on the fourfold axis normal to the base, and that the 
structure of iodine heptafluoride is a pentagonal bipyramid, with the 
iodine at the center of a regular pentagon formed by five fluorine atoms 
and the other two fluorines equally spaced above and below the plane.*' 

In accordance with accepted practice, all these compounds are named 
as halides of the less electronegative halogen. Although certain of 
them have been known for many years, much of our present knowledge 
has been derived from the researches of Ruff and Emel4us. Existing 
information on the interhalogens in general has been summarized 
by Sidgwick’* and by Sharpe** and on the halogen fluorides in particu¬ 
lar by Booth and Pinkston.** 

Compounds of the Type XX'. These compounds are, in effect, still 
halogens, although electronegativity differences render them some¬ 
what more polar in character than the molecular halogens themselves. 
In certain of their physical properties, however, they are intermediate 
between the two component halogens.** This is apparent in the boil¬ 
ing point and melting point data summarized in Table 13*9 and plotted 
against molecular weight in Figure 13T. The regular trends in these 
constants are broken only at bromine monofluoride and iodine mono¬ 
chloride where electronegativity differences are enhanced and lead to 
higher values because of increased ionic character in the bonds. Such 
other physical constants as are available are also summarized in 
Table 13*9. 

Chemically, these interhalogens are similar to the free halogens. 
They behave as oxidizing agents toward many metals and non-metals, 
yielding mixtures of the corresponding halides; they undergo hydroly¬ 
sis, often according to the equation 

XX' 4- H,0 H+ + X'- + HOX, 

X' being the more electronegative halogen; they sometimes add to 
ethylenic double bonds; and they may unite with alkali metal halides 
to give polyhalides (p. 4.')8). Unfortunately, most of the published 
information has summarized behaviors qualitatively without indicating 
the reaction products (e.g., with chlorine monofluoride).** In some 
respects, these intcrhalogen compounds appear to be even more reac- 

«i R. C. Lord, M. A. Lynch, W. C. Schumb. and E. J. Slowinski: /. Am. Chem, 
Soc., 72, 522 (1950). 

*• A. G. Sharpe: Quart. Revs., 4 , H5 (1050). 

** H. S. Booth and J. T. Pinkston: Ckem. Revs., 41 , 421 (1947). 

** J. MoMorris and D. M. Yost; J. Am. Chem. Soc., 63 , 2625 (1931). 

»»O. Ruff end E. Ascher: Z. anorg. allgem. Chan., 176, 258 (1928). 
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tive than the elements from which they are derived, probably because 
they are more readily dissociated than the halogens themselves. 

Chlorine monofluoride may be prepared by direct combination of 
chlorine with fluorine in a copper container at 2oO®C.®^ ** The com¬ 
pound is also obtained by inducing the reaction by sparking at room 
temperature.®’ Bromine monofluoride is somewhat less stable than 
chlorine monofluoride and apparently when once prepared reverts 
.spontaneously into other fluorides of bromine and free bromine. 



Ruff and Braida®* obtained a product estimated to contain 50% of the 
compound by reacting fluorine with bromine, diluted with nitrogen, 
at 10°C., and fractionally distilling under vacuum to separate the 
desired material from bromine and the tri- and pentafluorides. 1 he 
trend in decreased stability is apparently continued, for iodine mono¬ 
fluoride has not been prepared. I 

Bromine monochloride has not been obtained pure. Although pha^ 

rule studies on the system bromine-chlorine- give no 

formation of any bromine chlorides, spectroscopic and spectrophot 

» L. Domange an.I J. Neudorffer: Co.npl rend '•>20 ' 

K. Fredenhagen and O- T. KrctTt: Z. pHys,k. Ch.n AUl 22 (1920). 

« 0. Uvjff and A. Braidn: Z. anorg. nllgem. Chem., 214, 91 (1933). 

•• U. J. Karatrn: Z. anorg. Chetn., 6S, 365 (1907). 
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metric studies on bromine-chlorine mixtures either in the gaseous state 
or in carbon tetrachloride solution indicate the presence of a new 
absorption band at 3700 A, which is ascribed to the compound.®® 
Similar observations lead to the conclusion that the system 

Br, + CI 2 ^ 2BrCl 


has an equilibrium constant of about 5 at 20®C. and that the equi¬ 
librium mixture thus contains about 80% BrCl at this temperature.®' 
Existence of bromine monochloride is also indicated by the fact that 
bromine-chlorine mixtures add to unsaturated acids more readily than 
either halogen alone, giving chlorobromo compounds.®® The com¬ 
pound undergoes photochemical decomposition. Its instability is 
indicated by its small heat of formation, +0.75 ± 0.5 kcal. per mole.®* 
Iodine monochloride is prepared conveniently®* by treating liquid 
chlorine with solid iodine in stoichiometric quantities and crystallizing 
by cooling the liquid product. It exists ns unstable brownish-red 
tablets (0) which pass readily into ruby-red needles (a) on standing. 
Phase relations between the two forms are shown in Figure 13-2. Its 
uses in analytical chemistry are familar. 


Iodine monobromide results from the direct combination of iodine 
with bromine, although much of the older evidence for its existence is 
indirect since bromine and iodine form a complete series of solid solu¬ 
tions with each other. Thermodynamic studies of the equilibrium 
between iodine and bromine in the gaseous state and in solution in 
carbon tetrachloride show iodine monobromide to be slightly endo- 
theraic m character and to be dissociated to the extent of about 8% 
m the gaseous state and 9.5% in solution at 25®C 

Compounds 0 / the Type XX.'. Only three interhalogen compounds 
of this type have been characterized, namely, GIF., BrF., and ICl,. 

compounds are summarized in Table 
13-9. The comparatively high boiling points and large values of 
Trouton s constant* for both the trifluorides indicate them to be 


"l Am, 582 (1929) 

:: w ijfrt 29?^- 

•4 T CW, A163, 143 (1931). 

HiU It Yet »• McGcaw- 

to its boiling point elressed on thi vaporisation of a liquid 
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associated in the liquid state. The characteristics of bromine tri¬ 
fluoride as a non-aqueous, electrolytic solvent have been described in 
previous chapters (pp. 326, 366). 

Both the trifiuorides are extremely reactive chemically and behave 
as powerful fluoiinating agents.*^ Chlorine trifluoridc reacts with 
almost all elements except the inert gases, nitrogen, and a few metals. 
Its reactions with metals, like those of chlorine, are apparently cata- 



Fic. 13-2. Phase relations in the system iodine-chlorine. 

ly.ed by the presence of moisture. Dry chlorine trifluoride-n^be 

handled in glass and many metal containers. N eke 

up to 400'’C. Bromine and iodine react with <^>'lorine t « ^ 

rive respectively, bromine trifluoride and iodine 
inorganic compounds (except fluorides) and many 
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tions. Early work on the chemical behavior of chlorine trifluoride®® 
and bromine trifluoride®’ was essentially qualitative in nature. More 
recent studies of bromine trifluoride®®“‘®* give data on the conversion 
of metal chlorides, bromides, and iodides to fluorides, on the formation 
of salts containing the BrF<” and BrFj+ groups, on reaction with 
water to give bromine, oxygen, and bromic and hydrofluoric acids, 
and on the conversion of many oxides to fluorides and oxyanions to 
fluoanions. Iodine trichloride is a much less reactive compound and 
is subject to ready thermal decomposition to the monochloride and 
chlorine. Phase relations are shown in Figure 13*2. 

Chlorine trifluoride was first obtained** by reacting chlorine with 
excess fluorine. Both the mono- and trifluorides result, the propor¬ 
tions of the latter being increased markedly by raising the reaction 
temperature to around 250®C. Large-scale German production was 
based upon the same reaction run at 270® to 280®C.‘®* in nickel reactor 
filled with metal turnings. The rdhction is too slow below 270®C., 
and at temperatures above 280®C. thermal decomposition to fluorine 
and chlorine occurs. Bromine trifluoride was first obtained by 
Lebeau'®* by reacting fluorine with bromine at temperatures just 
above the melting point of the bromine. In the preparation of 
bromine monofluoride,®* the trifluoride which also results is condensed 
in fractions collected at 10®C. It may then be purified by fractional 
distillation.®’ It is a product of the spontaneous decomposition of the 
monofluoride. Direct reaction of fluorine gas with liquid bromine is 
useful for laboratory preparations.’®* Iodine trichloride is ordinarily 
prepared by direct combination of the elements. A convenient pro¬ 
cedure*" involves treating excess liquid chlorine with powdered iodine 

and allowing the unused chlorine to evaporate from the flocculent 
orange-colored solid trichloride. ’ 


IT n’ ‘*^^?*”** 190, 270 (1930). 

A* n Ckem., 206, 62 (1932). 

*« A A Ttr T® Chem. Soc., 1948, 2135. 

100 Emel4u8: J. Chem. Soc., 1949, 2865. 

101 V n A.. Woolf: J. Chem. Soc., 1960, 164. 

101 A V'^^^*** K. J. Emeldus: J, Chem. Soc., 1960, 1046. 

m K ^ 'f- Chem. Soc., 1960, 1050. 

A. A. Woolf: J. Chem. Soc., 1960, 1053. 

Chem. Ind., 67, 1084 (1945). 

P. Ubeau: CompL rend., 141, 1018 (1905); BuU. soc ehim [31 Sfi laa /ioaax 
A nn. chxm. phys. {8], 9, 241 (1906) ‘ 

New York McGraw-Hill Book Co.. 

m ^k ^ New vlk*;"' 
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Compounds oj the Type XX^. Only two interhalogen compounds of 
this type have been prepared, namely, BrFs and IF5. Available 
physical constants for these materials are also summarized in Table 
13-9. Bromine pentafluoride is comparable in chemical reactivity 
with chlorine trifiuoride, reacting with all elements except nitrogen, 
oxygen, and the inert gases to yield fluorides and other uncharacterized 
products; with a variety of oxides, halides, hydrides; and with many 
organic compounds.Many of these reactions are so violent as to 
be of little or no preparative value. Iodine pentafluoride is somewhat 
less reactive For example, such elements as silver, copper, iron, 
chromium, hydrogen, oxygen, and iodine show little or no reaction, 
and even the alkali metals, sulfur, chlorine, and bromine react only 
when heated.The compound is hydrolyzed to iodic and hydro¬ 
fluoric acids and reacts with a variety of organic materials. Although 
the majority of the reactions reported have been but poorly charac¬ 
terized, iodine, rather than iodide, often appears as a reaction product. 
When heated to about 500"C., the compound decomposes to iodine 
and iodine heptafluoride. Boiling iodine pentafluoride dissolves potas¬ 
sium fluoride and converts it to the salt K(IFe].“® Liquid iodine 


pentafluoride is an electrolytic solvent. 

Bromine pentafluoride is best prepared by reacting bromine dUnteu 
with nitrogen with excess fluorine in a copper vessel at 200 U 
Purification involves separation from the less volatile trifluonde, lo- 
lowed by distillation in quartz with the column maintained at ■ 
to reduce chemical attack. Iodine pentafluoride, although 
by Gore"’ by treating silver(II) fluoride with iodine, is better obtaine 
by a modification of Moissan’s method- in which fluonne la react d 
dfrectly with iodine and the product removed by distil ation “^ 
as it is formed,"’ and then redistilled to effect P“^f 
of iodine reduces the possibility of forming ^P 

Iodine pentafluoride also results when iodine pentoxide is treate 


"r XX,-. xne .^y^-own.^ of this 

type of compound is iodine heptafluoride, 7 . ,.„l„rlcss 

colorless gas which may be condensed to a colorlc^ ' ev duated are 
crystalline solid. Such physical constants as huv c been e^ 

!•« O. Ruff and W. Menzcl: Z. anorn. allnem. Chem., 202, t'.l llOdl). 

101 H. Moissan: Compl. raxd.. 136. 6f>3 (1902). 

no H. J. 1 ;mwI6us and A. G. Sharpe: J. GAem. Soe.. 1949. 2200. 

m A A Woolf: J. CU>n. Soc.. 1980, 36«8. (1871). 

r.ii */ idl 41 309 (1871): CAem. .Vr»s. 34, zyilio'*/* 
n* G. Gore:/’Aii. A/off-{4). 41»170(1930). 

n, O. RufT and R. Keim: 2. ancr,. altg.m. CKe.u 193 1.^ ^ 
iH O. Ruff and A. Braida: Z. anorg. allgfm. Chem., 220. 43 (i.^ 
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summarized in Table 13-9. Chemically, iodine heptafluoride appears 
to be comparable to chlorine trifluoride or bromine pentafluoride in 
activity, reacting with most metals, many non-metals including 
chlorine and iodine, water to yield periodate and fluoride ions, many 
inorganic compounds, and a variety of organic materials."® As with 
iodine pentafluoride, such reactions yield fluorides and often elemental 
iodine and are as yet of but little use in preparative chemistry. 

Although iodine heptafluoride was probably first obtained (though 
not recognized) by Moissan**^* as a product of the thermal decomposi¬ 
tion of the pentafluoride, Ruff and Keim"® obtained the compound 
more conveniently and in better yields by heating iodine pentafluoride 
with fluorine. At 250* to 270®C. conversion of some 83% of the 
fluorine used was reported, the product being purified by pumping 
off silicon tetrafluoride at —90°C. and then fractionating at 0®C, 
with the receiver at — 100®C. to remove unreacted iodine pentafluoride. 
Modification of this procedure gives iodine heptafluoride in nearly 
quantitative yields (based upon the iodine used)."® 


Vapor density measurements on interhalogens of all type.s support 
the formulas given. Values recorded for Trouton’s constant suggest 
some degree of association for BrFa, BrFi, and IFj especially. The 
diatomic interhalogens, except CIF, appear to be assuciated to greater 
or lesser extents in the liquid state. 


The polyhalides 

The well-known enhanced solubility of iodine in solutions containing 
iodide ion is best explained"® as involving the formation of triiodide 
ion according to the equilibrium expression 


1- + i* 


is 


This IS not an isolated phenomenon.** The ability of halide ions, 
either in solution or in solid salts, to associate with molecular halogens 
or mterhalogen compounds to yield univalent ions containing an 
abundance of halogen has been recognized for many years, particularly 
since the pioneering researches of Wells and his coworkers."®-*** 

W. c. Schumband M. A. Lynch: Ind. Eng. Chem., 42, 1383 (1950). 

G. Jones: J. Phys. Chem., 34, 673 (1930). 

H T ■ !' M PI. 17 (1892). 

'!• h’t ' w'!’ n Cllem., 1, 85 (1892). 

H L H T ■ « P). «5 (1892). 

ells and H. L. ^\Tieeler: Z. anorg. Chem., 2, 255 (1892). 
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These species, which are referred to as polyhalides, appear to be of 
three types, namely, (e.g., Ir), XXn'“ (e.g., ICI|"), and XX'X»"“ 
(e.g., IBrCl"). The literature on this subject is complex, the best 
general reference being Gmelin’s Handbuck^^' 

Polyhalide formation appears to he restricted to cases where a large 
cation, such as an alkali metal ion, an alkaline earth metal ion, a coordi¬ 
nation complex such as [Co(NH 3 ) 6 ]+^ or an organic base like an alka¬ 
loid or a quaternary ammonium ion is present, and it is more charac¬ 
teristic of iodides than of any of the other halides. These restrictions 
are of course more rigidly applicable to solid materials than to those 


TABLE 1310 


Typical Solid Polyhalides 


Type X,- 

Type XX,'- 

Type XX'X, 

NaI,-2H,0 

NH4lBr, 

CsFIBr 

KI,H,0 

Kiel, 

RbFICli 

NHJ,-311,0 

RbIBr, 

CsFICl, 

Rbl, 

RbICl, 

KQIBr 

C^sl, 

RbBrCl, 

RbaiBr 

C%\i 

CsICl, 

OaiBr 

NHJ» }I,0 

CsBrCl, 


Kly H,0 

(^CHBr, 


Rbl7-H,0 

(CH,),NHIBr, 


RbBr, 

(CH,) 4 NIBr, 


CsBr, 

CiH.NHIBr, 


(CH,)«NI, 

C»H,NCH,IBr, 


(CtHd^NI, 

nici4 4n,o 


KI,3C.H, 
RbI,*2C|H« 
Csl, IJCeH, 

KIF# 



existing in solution. As regards solid polyhalides, Grace 
opinion that in such ionic crystals the greatest , 

when anion and cation approach each other in size. If po yi 
considered, then, it is apparent only cations which are 8 
own right, e.g., Cs+ and (C,H.).N- or are yde by ^t on, 

e.g., with water or benzene, should form stable 

such as Ir and Ir. That this is true is evidenced by the formulas 

for typical solid polyhalides given m Table 1310. . „„„,hesis to 

If the formation of a polyhalide is assumed as a first yp 
involve interaction of a halide with a polarized neutral halogen or inte 

LaCen molecule, the energy of polarization of that - 

exceed the lattice energy of the halide in order for reaction to occur. 

Gmelin'B Handbuch dcr anorganiachen Chemie, System-Nummer 8, pp 

431. Verlag Chemie, G.m.b.h., Berlin (1933). 

N. S. Grace: J. Phyt. Chem., 87, 347 (1933). 
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The high lattice energies of the fluorides preclude their forming many 
stable polyhalides. On the other hand, chlorides form more such 
compounds, bromides form still more, and iodides commonly enter 
into polyhalide formation. In terms of this concept, then, polyhalide 
formation is increasingly easy with decreasing lattice energy in the 
original halide. Of the alkali metal halides, therefore, cesium iodide 
should be most likely to form such compounds. This is in accord 
with experimental observation, and is supported by thermal stability 
data of the type shown in Table 13T1. 

TABLE 13U 

Relative Thermal Stabilities or Some Polyhalides 


Compound 

Temperature at Which 
Dissociation Pressure 
Equals 760 mm., °C. 

Csl, 

250 

Rbl, 

192 

CsBrt 

147.5 

RbBr, 

105.5 

CsBrI, 

201.5 

CsBr,I 

242.5 

RbBr,I 

186.5 

CsCliI 

209 

RbCl,I 

151 

C^sClBr, 

124 

RbCIBr, 

81 

CsCliBr 

138 

RbCliBr 

93 


The structures of the polyhalides have not been elucidated com¬ 
pletely. However, evidence which has been accumulated indicates 
that a large halogen atom (usually iodine) serves as a center around 
which other halogens are grouped. The ions Ii“ IClj”, IBrj”, and 
IBrCl- have all been shown by x-ray methods*”-*” to be linear, with 
the iodine atom in the center. As with the interhalogen compounds 
(p. 445), it is probable that the unshared electron pairs occupy spatial 
positions equivalent to those occupied by atoms, and it seems reason¬ 
able, therefore, that in these linear arrangements the central iodine 
is surrounded by three electron pairs and two other halogens are 
directed toward the apices of a circumscribed trigonal bipyramid. 
With the ion ICI*-, the four chlorines have been shown to be at the 

*** R. W. G. Wyckoff: J. Am. Chem. Soc., 42, 1100 (1920). 

G. L. Qark: Proe. NaU. Acad. Set., 9, 117 (1923). 

‘”R. M. Bozarth and L. Pauling: J. Am. Chem. 5^., 47, 1561 (1925). 

“• R. C. L. Mooney: Z. KrisL, 90, 143 (1935); 98, 324 (1938); 100, 519 (1939). 
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comers of a square surrounding the central iodine.^’* This may be 
considered an octahedral arrangement, the two unshared electron 
pairs on the iodine being directed toward the two remaining apices 
of a circumscribed octahedron. No concrete evidences of isomerism 
among the polyhalides have been obtained.’^® 

The polyhalides are characterized by low melting points. They 
are soluble in liquids of high dielectric constants, e.g., water, acetone, 
alcohols, but quite generally insoluble in liquids of low dielectric con¬ 
stant except the free halogens and interhalogens. Dissolution in water 
is often complicated by hydrolysis. Recrj'stallization from water is 
possible only if the polyhalide has a relatively low dissociation pressure. 
The compounds are commonly colored and range in color from yellow 
to blue-black. Their absorption spectra are characterized by bands 
in the regions of 2600 to 2900 A and 3400 to 3900 A.'*® 

Outstanding among the chemical characteristics of the polyhalides 
are their tendencies to dissociate into simple halide plus halogen or 
interhalogen. In the absence of a solvent, such dissociation always 
yields the halide of largest lattice energy, that is, the one containing 
the most electronegative halogen.For instance, dissociation of 
CslCh yields CsCI + ICl rather than Csl + CU. Dissociation is 
readily effected by raising the temperature but is often appreciable 
at room temperature or below'. Polyhalides containing one iodine 
atom are normally less dissociated than those containing no iodine 
or more than one iodine atom. Thermal stability for a given 
type of polyhalide appears always to increase in the series Na'*’ < K**' 
< NH 4 + < Rb'*^ < Cs"*^. The most symmetrical polyhalides are 
also the least dissociated, stability increasing, for example, in the 
series [Bril]- < [FIBr]’ < [ClIBr]- < 1111]- < [BrlBr]- < (CUCII 
Among the substituted ammonium polyhalides, those containing even 
numbers of alkyl groups are more resistant to thermal dissociation than 
those with odd numbers of substituted groups. Sharpness of melting 

point is a criterion of thermal stability.'*' 

It is difficult to classify all the reactions of all the polyhaliaes 
systematically. Cremer and Duncan'** have examined m^any poly- 
halidcs in solution and prefer to classify the materials on the basis ol 

observed behaviors as: 

1 . Those containing more than one iodine atom, which yield iodine 
by dissociation but do not undergo appreciable hydrolysis. 


R. C. L. Mooripy; Z. Kn$l., 98, 377 (l938). ^^ 2 . 

- F. L. Gilbert. It. K. Goldstein, and T. M. Uwry: - 

m H. W. Cromer and D. It. Dunnin: J. Chem. Soc., 1931, « • • 

H. W. Cremer and D. R. Duncan; J. Chem. Soc., 1932. ZOJI. 
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2. Those containing one iodine atom, which dissociate to yield 
iodine halides and hydrolyze to iodate, e.g., IBt-t, IBrCl”, ICU", 

iCir. 

3. Those containing no iodine, which yield bromine, chlorine, or 
bromine monochloride on dissociation and undergo appreciable 
hydrolysis, e.g., Brs”, BrCla”, ClBrj”. 

Cremer and Duncan”’ have also examined the behaviors of certain 
polyhalides in the absence of a solvent, particularly with gaseous 
reagents. Tlieir conclusions as regard reactions with halogens may 
be summarized as follows: 

1. A halogen may be replaced by a more electronegative one except 
that the central halogen atom is not replaceable. Thus chlorine 
replaces bromine in IBrj" to give IClj“ but will not replace iodine. 
Similarly, bromine converts Is“ to IBrj“ but not to Bri“. 

2. A central electropositive halogen is not replaced by a more elec¬ 
tropositive halogen except in the single case whore Brs~ is converted 
by iodine to IBr 2 “. This reaction is probably not a direct one. 

3. The polyhalide may be converted to a monohalide, the halogen 
acting as an inert gas and sweeping out the other halogen. 

4. A halogen or interhalogen formed by dissociation of the poly¬ 
halide may be replaced by another as in the reaction of ClIBr" with 
ICl to give ICl:". 

5. A halogen may be added directly to the polyhalide as in the reac¬ 
tion of IClj“ with chlorine to give ICU". Interhalogens do not so add. 

6 . The polyhalide may absorb halogen and dissolve in it. Recrys¬ 
tallization may then occur. 

Although the compositions of solid polyhalides may be established 
by direct analysis, the best information on the natures of these solid 
phases has come from phase rule studies. Such studies have embraced 
either binary systems of metal halide and halogen or ternary systems 
involving metal halide, halogen, and solvent (e.g., water and benzene). 
Many such investigations have been carried out by Briggs and by 
Foote and their coworkers. As typical of the first type, one may cite 
studies of the cesium iodide-iodine system,”* where the temperature- 
composition diagram shows the existence of the polyiodides Csl* and 
Csl,, both melting incongruently, or of the system ammonium iodide- 
iodine,”’ where only NH Jj, melting incongruently at 175®C., is found. 

H. W. Cremer and D. R. Duncan: J. Chetn. Soc., 19S3, 181. 

”* T. R. Briggs: J. Phyt. Chem., 34, 2260 (1930). 

T. R. Briggs and K. H. Ballard: J. Phya. Chem., 44, 322 (1940). 
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As typical of the second type, one may cite studies of the system 
rubidium iodide-iodine-benzene,*” showing the existence of the solid 
polyiodides Rbl7’4C6H5 and Rbl8'4C«H«, or of the system ammonium 
iodide-iodine-water,*” showing the existence of solid NHJi and 
NHJs-SHjO and probably NHiIs'HjO. 

The most comprehensive investigations of the preparation of poly¬ 
halides are those of Wells**’"*** and of Cremer and Duncan.*” The 
methods most generally employed may be summarized as: 


1 . Direct addition of halogen to halide, e.g., Csl* from Csl + Ij, 
Kiel* from CI 2 + KI in aqueous solution. 

2. Direct addition of interhalogen to halide, e.g., NalBrj from 
NaBr -H IBr vapor, NHJBrj from NH4Br -H IBr in ethanol, CsICli 
from CsCl + ICU vapor. 

3. Displacement of one halogen by another, e.g., CsIBr* from 
CsBrj + Ii. 

4. Displacement of one interhalogen by another, e.g., CsIBr* from 
CsICli + IBr. 

5. Metathesis involving another polyhalide, e.g., RblCU from 
HICU + RbCl solutions. 

Original references should be consulted for details. 


To conclude this section the various types of polyhalides are now 
discussed briefly. 

Compounds Giving lone of the Type X„-. Commonest of these are 
the trihalides, particularly the triiodides of which the cesium, rubidium, 
and ammonium compounds are well known in the anhydrous state. 
The situation with potassium has been of particular interest for many 
years, probably because of the widespread use of solutions of iodine m 
aqueous potassium iodide. Since such solutions definitely contain tlm 
I>" ion e g., the equilibrium constant for the equilibrium Ij + I 
Ir having a definite value of 1.4 X lO"* at 25"C.,“' many attempts 
have been made to obtain the solid, KI,. It is agreed, however, that 
an unsolvated potassium triiodide has no existence at room tempera¬ 
tures,*”-*"* particularly in view of the fact that 
composition diagram of the system potassium iodide-iodine shows 


i» H. W. Foote and M. Fleischer: J. Phya. Chem., 44, ^3 (1940). 

1.7 T, R. Briggs, K. H. Ballard. F. R. Alrich. and J. I*. Wikswo: J. Phys. CH.m.. 

V O-emer and D. R. Dunrnn: 7. Chtm. Sof.. 1931, 1857. 

».» N S Grace: J. Chem. Soc., 1931, 5U4. 

..4-^ D. Bancroft, G. A. Schcrcr. and L. P. Gould: J. Phy,. CW, >«. 


(1931). 
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only stable solids to be potassium iodide and iodine.**' From aqueous 
solutions, however, the hydrated polyiodides KU HaO and KIt-HjO 
can be obtained,as may also two polymorphic modifications of 

Klr^UiO. 

Less important materials of this type are Nala-SHaO,'** stable at 
0®C.; Nal4*2H20, also stable at O^C; Csl* and CsBr*; NH4h; 2KBr«- 
3HjO,‘** stable at 0®C.; and miscellaneous materials such as Rblr* 
4C6H8 and Rbls ^C^He as mentioned above.*” 

Compounds Gimng Ions of the Type XX„'“. These are probably the 
commonest of the polyhalides and the most stable in the non-solvated 
condition. First studied by Wells,“’“*** these materials were investi¬ 
gated later by Ephraim**^ and particularly by Cremer and Dun¬ 
can.***“*”• *** Numerous salts of the series IBrj”, IClj", ClBrj~, and 
BrClj" have been prepared and studied. In the series IjBr", only the 
cesium compound has been obtained, and derivatives of l 2 Cl“ have 
not been prepared. The general characteristics of these materials have 
been indicated already. 

Of particular interest are compounds containing the group ICli". 
They are derived from the acid, which may be prepared as an orange- 
yellow crystalline hydrate, HIC 14 - 4 H 20 , either by dissolving iodine 
trichloride in hydrochloric acid and cooling in ice*” or by adding 
chlorine to HICI 2 solution*” or to iodine suspended in concentrated 
hydrochloric acid. Comparatively stable salts containing not only 
all the alkali metal ions but also many heavy metal ions*** are well 
characterized. These are obtained as yellow or orange-yellow crystab 
as products of reactions of chlorides with iodine trichloride, iodides 
with chlorine, or iodates with hydrochloric acid. On heating, all 
evolve iodine trichloride ultimately and are converted to simple 
chlorides. In aqueous solution they undergo reversible hydrolysb 
according to the equation*** 

5 ICI 4 - + 9HiO ^ Ij + 3IOr -t- 20C1- -H 18H+ . 

The compound KIFe**® appears to be the only reported example of 
materials containing the XXe'“ type of group. This compound loses 

T. R, Briggs and W. F. Gcigle: J. Phys. Chem., 34. 2250 (1930), 

T. R. Briggs, K. D. G. Clack, K. H. Ballard, and W. A. Sassaman: J Phvt 
Chem., 44, 350 (1940). * 

Qol” B. Duncan, and I. W. H. Harris; J. Chem. Soc., 1940, 

o37* 

*** I. W. H. Harris: J. Chem. Soc., 1983, 1694. 

**‘ F. Ephraim: Ber., 60, 1069 (1917). 

R. F. Weinland and F. SohlegelmUoh: Z. anorg. Chem., 30, 134 (1902). 
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iodine pentafluoride either at its melting point {ca. 200''C.) or under 
reduced pressures. Water hydrolyzes it to fluoride and iodate. 

Corn-pounds Giving Ions of the Type XX'Xn"“. Although this group 
is represented by materials containing the BrICl“ ion, it is perhaps 
more important in that the only known polyhalides containing fluorine 
belong to it. The absorption of iodine monobromide vapor by solid 
cesium fluoride to yield a yellow product is presumed to involve 
formation of CsBrlF.'^* Booth and his coworkers**’ have reported the 
preparation of RbFICU {m.p. in closed tube 172‘’C., sp. gr. 3.159) and 
CsFICla (m.p. in closed tube 194®C., sp. gr. 3.565) as orange-yellow 
crystalline compounds as products of (1) reaction of alkali metal 
fluoride with iodine and chlorine in aqueous solution, both in the 
presence or absence of hydrochloric acid; (2) reaction of solid alkali 
metal fluoride mixed with iodine with chlorine to constant weight: 
or (3) reaction of acidic metal fluoride solution with excess iodine tri¬ 
chloride. These compounds could be recrystallized, but they lose 
iodine trichloride on standing unless kept in a closed container or over 
iodine trichloride. The potassium and ammonium compounds were 
also prepared but were found to be less stable. 


Electropositive characteristics of the halogens 

In preceding sections, a number of instances have been mentioned 
in which the halogens bear formal electropositive charges toward each 
other or toward other more electronegative elements (especia ly 
oxygen). It is the purpose of this section to review other similar 
cases. With chlorine, electropositive character amounts to little more 
than measurable polarity in covalent bonds. The same is true but to 
a greater extent with the larger bromine. With iodine, however, e ec- 
tronegativity is so far reduced that definite cationic behavior either i 
simple or in complex compounds may be discerned. There is e\^r> 
reason to believe that the trend would continue to astatine. 

general subject has been considered by Klemberg.'** ^^onaration 
Compounds of Tripositive Iodine. The properties an p P 

of iodinedll) iodates (p. 436), of iodine(III) 

tetrachloroiodate(III) compounds (p. 459) have bee . 

Oxidation of iod.ne with perchloric aoid or 
acid produces an iodineflll) perchlorate, 

tion of iodine with fuming nitric acid in the presence of acetic anhy 

lo H. S. Booth, C. F. S^Hnehart, and W. C. Morris: d. d-a. Ckem. Soc.. M, 2561 

Phy 9 . Chem.. 36, 2779 (1932). 

H8 j. Kleinberg: J. Chem. Education, 83, 669 (IW* 

F Fichter and S. Stem: H<lv. Chim. Acta, 11, 1266 (1028). 
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yields the normal acetate, l(C 2 H 30 j) 3 .*“ Inclusion of chlorinated or 
brominated acetic acids permits the preparation of compounds such 
asKCHiClCO^),, KCHCUCO,),. 1{CCUC0^U, I(CHjBrC 02 ), I(I0,),. 
whereas in the presence of phosphoric acid the normal phosphate, 
IPO 4 , is formed.'** These compounds decompose thermally and are 
readily hydrolyzed to iodine, iodic acid, and the corresponding other 
acid. That they contain cationic iodine is demonstrated by the fact 
that when iodine(III) acetate dissolved in acetic anhydride is elec¬ 
trolyzed, iodine is deposited on the cathode in accordance with the 
requirements of Faraday’s law.'** Halogenoid derivatives of both 
tri- and unipositive iodine have been described also (pp. 473-474). 

Compounds of Unipositive Iodine, Bromine, and Chlorine. Although 
hypoiodous acid has been shown to exhibit basic properties (p. 439), 
it appears that coordination of the iodine with an amine such as pyri¬ 
dine (py) is essential to the formation of stable salts of unipositive 
iodine.***”*** Compounds derived from the hypothetical bases 
I(py)OH and I(py)jOH have been obtained by treating the silver or 
mercury(I) salt of the appropriate acid with iodine and pyridine in a 
non-aqueous solvent, such as chloroform, according to the general 
equations. 

AgA -f py -f Ia-» I(py)A -b Agl 
HgaAj + 6 py + 3Ij-» 2ICpy)A + 2Hg(pyJaI: 


Compounds prepared include I(py)NOi, I(py)jNOj, I(py)aC 104 , 
Upy)(C 2 H»Oi), and ICpy)"*" derivatives of benzoic, phthalic, p-nitro- 
benzoic, and succinic acids. Spectrophotometric evidences for the 
existence of ICpy)"*" and Ij” ions in solutions of iodine in pyridine have 
been presented also.*** 

These compounds react with iodide ion to give free iodine as 


They hydrolyze slowly to give iodine and iodate with either the com¬ 
pound I(py)OH or I(py)jOH as a presumable intermediate. With 
potassium chloride or bromide, they form the halides I(py)Cl or 
I(py)Br by metathesis. On being treated with sodium hydroxide, 


“"G. Fouque: Chem. Ztg., 38, 860 (1914); Bull. soc. chim. |4). 16, 229 (1914). 

*•* H. Carlsohn: Vber eine netu Klatse von Verbindungen des posiliv einwerligen 
Iod». Verlag J. Hirzel, Leipzig (1932). 

*** H. Carlsohn: Angew. Chem., 46, 747 (1933). 

“* H. Carlsohn: Ber., 68B, 2209 (1935). 

*** R. A. Zingaro, C. A. Vander Werf, and J. Kleinberg: J. Am. Chem. Soe., 78,88 
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they yield the hydroxides I(py)OH and I(py)20H, which immediately 
revert to the stabilized anhydrides (Ipy)20 and (Ipy2)20. Upon elec¬ 
trolysis in water-pyridine, methanol, or chloroform solution, the nitrate, 
I(py) 2 NOj, liberates iodine at the cathode. Treatment of the same 
compound in chloroform with metals showed iodine to be replaced even 
by platinum,indicating unipositive iodine to be comparable to 
noble metal cations as an oxidizing agent.According to Carlsohn, 
the dipyridine derivatives should be salt-like, corresponding to the 
structure (UpylsjA, whereas the monopyridine derivatives should not 
be, in accordance with the structure [I(py)A]. Conductance data for 
the nitrate in acetone or methanol are somewhat inconclusive, but with 
the benzoate the conductance of the monopyridine derivative is 
increased somewhat by the addition of pyridine. More work appears 
desirable before it can be concluded that these compounds agree 
rigidly with coordination theory. 

Methyl-substituted pyridines such as ^-picoline, 2,6-lutidine, 
2,4-lutidine, and 2,4,&-collidine yield similar iodine(I) nitrates.'” 
By corresponding procedures, bromine compounds, Br(py)jN 05 and 
Br{py) 2 C 104 , have been prepared also.”*- Treatment of these com¬ 
pounds with potassium iodide in sodium hydroxide and subsequent 
addition of sulfuric acid liberate one mole of iodine per bromine atom, 


Br+ + 21-— h + Br- 


A similar chlorine compound, Cl(py) 2 N 03 , has been reported also.”* 
Some evidence for the existence of a unipositive bromine cation is 
given also by the enhanced brominating strength of bromide-free 
hypobromous acid solutions over free bromine”^ in acidic solutions. 
Such a cation is believed to result from reactions such as are repre¬ 
sented by the equations 


and 


HOBr -b H+ Br+ -b HjO 
HOBr -b H+ ^ Br(HiO)+ 


Electrodialysis experiments confirm the existence of cationic bromine 

in acidified hvpobromous acid solutions.'** 

As is expected, fluorine does not fit into this series. However, a 
gaseous compound {b.p. -45.9“C.), the composition and vapor density 


>»• W. Finkelstcin: Z. physik. Ckem., 124, 285 (1926). 

M. I. Uschakow and W. 0. Tchistow: Ber., 68B, 824 (1935). 

■ »» D. H. Derbyshire and W. A. Waters: Nature. IM. 

'*• K Gonda-Hunwald, G. Gr4f, and F. K6r6sy: Nature, 166. 68 (1950). 
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of which are in agreement with the formula FNOj, has been prepared 
either by bubbling fluorine through 3 N nitric acid at or by 

reacting fluorine mth solid potassium nitrate.*** This rather unstable 
compound liberates iodine quantitatively from iodide, giving also 
fluoride and nitrate ions, and reacts with potassium hydroxide to give 
oxygen, fluoride, and nitrate. The presence of negative fluorine seems 
unlikely, therefore, although there is no information indicating it to be 
positive. Pauling and Brockway**® suggest the following structure on 
the basis of electron diffraction data: 


0 



A similar perchlorate, FCIO 4 , has been obtained together with oxygen 
difluoride by the reaction of fluorine with concentrated perchloric 
acid.*** It is an explosive gas condensing at — 15.9®C. (755 mm.) to 
a liquid which freezes at — 167.3®C. 

Unipositive iodine and bromine characterize the polar interhalogens 
XX' (pp. 446-449). In the cyanogen halides (pp. 471-473) it is 
probable that iodine is unipositive whereas the other halogens are 
negative. 


The halogenoida or paeudo^halogens 

A number of inorganic radicals are known which in the free state 
possess properties comparable to those of the elemental halogens and 
in the form of anions possess properties comparable to those of the 
halide ions. These materials have been called halogenoids by Browne 
and his coworkers'** and pseudo-halogens by Birckenbach and Keller- 


“*G. H. Cady: J. Am. Chem. Soc., 66, 2635 (1934). 

“*0. Ruff and W. Kwasnik: An^ew. Chem., 48, 238 (1935). 

**' D. M. Yost and A. Beerbower: J. Am, Chem. Soc., 67, 782 (1935). 
‘**L. Pauling and L. 0. Brockway: J. Am. Chem. Soc., 69, 13 (1937). 

“* G. H. Rohrback and G. H. C^y: J. Am. Chem. Soc., 69, 677 (1947) 
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mann.'** In their excellent review on these substances, Walden and 
Audrieth*** define as a halogenoid “any univalent chemical aggregate 
composed of two or more electronegative atoms which shows in the 
free state certain characteristics of the lialogens and which combines 
with hydrogen to form an acid and with silver to form a salt insoluble 
in water.” 

Chemically, the halogenoid materials embrace free molecular groups, 
which may be called free halogenoids, and anions, which may be called 
halogenoid ions. The free halogenoids which are definitely known are 
cyanogen, (CN') 2 : thiocyanogen, (SCN)? or (SCN)*; selenocyanogen, 
(SeCN):; and azidocarhondisulfide, (SCSNj)?. Some evidence also 
exists'for the formation of oxycyanogen, (OCN):, but the 
material is not obtainable in the free state. The halogenoid ions arc 
cyanide, CX~: thiocyanate, SCN“; selcnocyaiiate, SeCX~; telluro- 
cyanate, TeCN"; azidodithiocarbonatc, SCSNa"; cyanate, OCN"; 
fulminate, ONC-; and azide, Nr. The thiocyanate and cyanate may 
have the iso arrangements, NCS“ and NCO“, as well. 

Similarities between the halogenoids and the halogens are strik¬ 
ing. Walden and Audrieth'®® point out that like the halogens the 
halogenoids: 

1. Are usually (polymeric thiocyanogen is a glaring exception) quite 


volatile in the free condition. 

2. Are often isomorphoiis when free and in the solid state. 

3. Combine with many metals to give salts, the silver, mercury{I), 
and lead(II) compounds being insoluble in water. 

4. Form hydracids with hydrogen, these acids being highly dis¬ 
sociated in water solution (hydrocyanic acid is very weak). 

5. Form compounds with themselves, such as CNNj. which are 

analogous to the interhalogen compounds (p. 444). 

G. Form pcdyhalogenoid complexes, such as Cs(SeCN)s, which are 

analogous to the polyhaiide complexes (p. 453). 

7 . Form characteristic double and complex salts, such as 
K2lHg(SCN)«], NalAg(CN)2j. which are comparable to corresponding 


halogen compounds. , • i , 

8 Mav be prepared in the free condition either by chemical or elec¬ 
trolytic oxidation of tiie hydracids or their salts or by the thermal 
decomposition of higher valent compounds. 

L Birckcnbnch and K. Kellormnnn: Ber., 68B, 786, 2377 (1925). 

::: r l :: r - S ... -- 
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These similarities may be supplemented by the following more 
specific comparisons between halogens and halogenoids: 

1. Formation of compounds of similar compositions and properties, 

e.g., COCU vs. C0(N3)2. SO:Cl 2 vs. ICl vs. ICN, SiCU vs. 

Si(NCS)^. 

2. Reaction of free groups with hydroxyl ion, e.g.: 

Cl, + 20H- Cl- + OCl- + H,0 
(CN), + 20H- CN- + OCN- + H,0 


3. Reaction of hydracids with oxidizing agents, e.g.: 


MnO, + 4H+ + 2Cl--» Mn+* + 2H,0 + Cl, 
MnO, + 4H+ + 2SCN--» Mn+* + 2H,0 + (SCN), 

4. Decomposition of lead(IV) compounds by heat, e.g.: 


PbCl« -► PbCl, + Cl, 

Pb(SCN),-» Pb(SCN), + (SCN), 

6. Addition of free groups to an ethylenic linkage, e.g.: 

H,C = CH, -f- Cl,-» HjCCl CClH, 

H,C = CH, +^SCN),-» HjCSCN-CSCNH, 

On the b^is of the conductivities of their salts in aqueous and alco- 
one solutions, the halide and halogenoid ions may be arranged*” 

m the following order of increasing reducing power: F“ ONC" OCN~ 

.K SeCN-, TeCN-. However! 

he fact that iodine will oxidize azidodithiocarbonate ion to azido- 
carbondisulfide would indicate that the positions of SCSN,- and I- 

s ou be reversed. It would follow, according to this list, that oxi- 

d^ing power among the free halogens and halogenoids should then 
decrease in the order; 


Fj, Cl,, Br., (CN),, (SCN),, I,, (SCSN.),, (SeCN), 
thin ’ bromine will oxidize thiocyanate to thiocyanogen 

■'X'™’ -''-0 'viU 3!z ’ 

cyanate to selenocyanogen, etc. Such couples as the following 
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SCSN3- ^ i(SCSN,)2 + e- 

1 “ ^ ■ 3 I 2 + e~ 

SCN-p±i(SCN)i + e- 

Br“ ^ iBr 2 + e" 


-0.275 volt 
-0.535 
-0.77 
-1.07 


also support this order, although more comprehensive data are lacking. 

The Free Halogenoids. These may be discussed best as individuals. 

CYANOGEN. Probably the best-characterized of the free halogenoids 
is cyanogen. Cyanogen is a colorless, poisonous, water-soluble gas 
which is readily condensed to a liquid boiling at —21.17 C. and freezing 
at -27.9®C. These and other physical constants have been sum¬ 
marized by Cook and Robinson.'” Chemically, cyanogen is char¬ 
acterized by a tendency to polymerize to insoluble paracyanogen, 
(CN)„ at 500“C. and by a tendency to undergo hydrolysis slowly in 

water according to the scheme'” 


0 0 


n^N—C—C—NHj 

HtO 

(NH4)-.C204 
ftinmoniufu oxalate 


"’°(CNh-^HCN -H HOCN 

' HfO 


0 


MtO 


NH* 6 c—H NH 4 OCN 

HiO 


CO(NH,) 


Bmmociuin 

foriDkt« 


•mmonium 

cyBoate 


urea 


In alkaline medium it reacts readily to give cyanide and cyanate (p. 
465). Hydrocyanic acid and cyanogen are related as 

HCN ^^(CN): -b H+ + e- = "0.33 volt 


A number of structures have been proposed for j’™'" 

electron diffraction data, Brockway suggested resonance mvohmg 


the structures 


N;::C : C:::N ; 

I 

# 

• 

N::C::C::N : 

II 

N: :C: :C: ;N : 

III 

N::C:;C::N : 

IV 


1» R. P. Cook and P. L. 0933)'*”’' 

17»L. O. Brockway: Proc. Natl. Acad. Set.. 19, 868 (1933). 
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with structure I making the greatest contribution. Pauling, Springall, 
and Palmer”* cite data agreeing with Brockway’s structure and indi¬ 
cate bond distances to be C—N = 1.16 A and C—C = 1.37 A. The 
molecule is apparently linear. According to Kistiakowsky*’* the heat 
of dissociation of the cyanogen molecule according to the etjuatiun 

(CNj,(g)^2CN(g) 

is 77 ± 4 kcal. per mole, a value somewhat larger than that given for 
either fluorine or chlorine in Table 13*1. 

Cyanogen may be liberated by heating the cyanides of inactive 
metals such as silver, mercury, or gold. Comparable reactions occur 
when halides of such metals arc heated. Cyanogen is also liberated 
by the oxidation of cyanide ion in aqueous solutions by, for instance, 
Cu'*’* ion, as 

2Cu-* + 6CN- — 2(Cu(CN),]- + (CN), 

(compare Cu"*"’ + I“) or in fused cyanides by electrolytic means, as 

2CN--*(CN)j + 2e- 

TinocYANOQEN. Thlocyanogen may be obtained by crystallization 
from concentrated solutions in ethyl chloride, ethyl bromide, cr diethyl 
ether cooled to —70®C. When so prepared, it melts at —2® to —3®C. 
to a yellow oil which polymerizes irreversibly at room temperature to 
insoluble, brick-red parathiocyanogen, (SCN),. Cryoscopic measure¬ 
ments on bromoform solutions of thioeyanogen”* give molecular 
weights corresponding to the formula (SCN)*. However, in dilute 
solutions in carbon disulfide or hexane”^ at least partial dissociation 

to free SCN occurs. Polymeric thiocyanogen has been studied only 
incompletely. 

A number of characteristic chemical reactions of thiocyanogen in 
solution have been studied.*®* The following are of some general 

interest in indicating the oxidizing power of the halogenoid and its 
halogen-like character: 


(1^39^' K. J. Palmer: J. Am. Ckem. Soc., 61, 927 

in Sr H. Gershinowitz; J. Chem. Phya., 1, 432 (1933) 

(1932) Paris, Sec. 7, Rap. No. 4 

H. Lecher and A. Goebel: Ber., 64, 2223 (1921) 

*’• Soc.. 17. 
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(SCN)2 + 21--^ 2SCN- + I, 

(SCN); + 2SjOr= ^ 2SCN- + 

(SCN)2 + 2H+ + 2SCN- + S 

{SCN)s + AsO<-> + H,0 — 2SCN- + 2H+ + AsOr* 

(SCN): + HjO — H+ + SCN- + HOSCN 

HiO 

U H+ + SOr* + HCN 

(SCN), + 2CuSCN -* 2Cu+- + 4SCN- 
(SCN), + M M+2 + 2SCN- 

Like the iodine, thiocyanogen may be used as a titrimetric oxidizing 
agent*’* and for determining unsaturation in organic structures. 
These reactions are perhaps better in accord with the structure 


; S : C: 

• • 

: S : C: 



than with the structure 


: S: :S : C:: :N : 

• • 

C:: :N : 


although an equilibrium between the two has been proposed. 
first of these structures is supported by the x-ray data of Strada. 

Thiocyanogen in solution was first obtained by Soderback'’* by oxi 
dation of an ethereal suspension of silver thiocyanate with iodine or 
bromine. Such solutions may also be prepared in low yields y oxi 
dation of thiocyanic acid with manganese dioxide,*” and electro ys^ 
of thiocyanates in alcoholic solution'*’ also yields the free halogenoia. 
Treatment of lead(IV) acetate in ethereal solution ^^h thiocyani 
acid'” is cited as another preparations! P>’o<^edure. Lead(l J 
cyanate is presumed to form and decompose, yielding ( . 

convenient procedure yielding an acetic acid-acetic anhydride so 


'1* H. P. Kaufmann and P. Gaertner: Ber., STB, 928 (1924). 
M. Strada: Gazz. chtm. ital., 64, 4(X) (1934). 


E. SSderbftcIc: Ann., 419, 217 (1919). 
u* H. P. Kaufmann and F. KSgler: Ber., 


S8B, 1553 (1925): 69B, 178 (1926). 
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of reasonable stability involves oxidation of lead(II) tbiocyanate by 
bromine in this medium.’*® 

SELENOCYANOGEN. Seleiiocyanogen is obtained as a yellow powder 
which is fairly stable when dry and in vacuum but normally reverts to 
a red material. It is soluble in carbon tetrachloride, chloroform, 
benzene, and acetic acid, although its solutions in the last of these 
deposit selenium rather rapidly. Its molecular weight in benzene 
corresponds to the composition (SeCN)j. Selenocyanogen is an oxi¬ 
dizing agent of slightly less strength than iodine. This is indicated 
by the fact that the equilibrium 

2AgI + (SeCN), ^ 2AgSeCN + I, 

is established when some 86% of the iodine is present as silver iodide. 
Hydrolysis converts selenocyanogen into selenious, hydrocyanic, and 
selenocyanic acids as 

2(SeCN)a + 3HiO-» HiSeOj + SHSeCN + HCN 


Structurally, selenocyanogen is probably much like thiocyanogen, a 
linear formula being favored by Raman data.'*’ 

Selenocyanogen may be prepared in solution by electrolysis of potas¬ 
sium selenocyanate in methanol.’** Better procedures'** involve 
either treatment of excess silver selenocyanate with iodine in ether at 
temperatures below 10®C. or reaction of lead(IV) acetate in chloroform 
with potassium selenocyanate in anhydrous acetone.”* Lead(IV) 

selenocyanate decomposes to the lead(II) compound and selenocy¬ 
anogen. 

AziDocARBONDisuLFiDE. Azidocarbondisulfidc is a white, crystal¬ 
line solid which was first studied by Browne and his coworkers.’** 
It is soluble in water to the extent of 3 parts in 10,000 at 25^0. Chem¬ 
ically , it is unstable and may decompose violently according to the 
equation 

(SCSN,)j-* 2Nt -H 2S -b (SCN)* 

The decompMition is autocatalytic. The substance dissolves in 
aqueous alkali, presumably according to the equation 

(SCSNa), -I- 20H“-» SCSN,- + OSCSNr + H,0 

the analogy to the halogens being striking. There is some indication of 
the conversion of the ion OSCSN,- to the ions SCSNr and 0,SCSNj- 


aSSr'’ -• 

’•* P. Spacu: Bull. toe. ekim. (61, t, 3074 (1036). 
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by heat (compare CIO" Cl" + ClOr). The formula (SCSN,)j has 
been confirmed.*^® Azidocarbondisulfide is a weaker oxidizing agent 
than iodine. Again, two equilibrium structures have been suggested 

S 

II 

N=N=N—C—S—S—C—N=NsN 

II 

S 


II I! 

N=N=N—C—S—C—N=N=N 

il 

S 

but the first is believed to be the correct one. 

Azidocarbondisulfide may be prepared by oxidizing potassium 
azidodithiocarbonate, KSCSNa, with hydrogen peroxide, potassium 
iodate, potassium chromate, mercury(II) chloride, iron(III) chloride, 
chlorine, bromine, or iodine,'*® although the best procedure employs 
iodine. The product precipitates as it forms. Electrolytic oxidation 
of the potassium salt may also be used. The potassium compound is 
prepared by interaction of potassium azide with carbon disulfide at 

40"C. 

OXYCYANOGEN. Evidence for the existence of oxycyanogen is less 
complete than for the other free halogenoids. Lidov'” claimed to 
have obtained the material as a gas, (OCN)i, by oxidation of potassium 
cyanate with hydrogen peroxide, copperfll) oxide, or sodium hypo- 
bromitc, by reduction of nitrogen(IV) oxide with carbon at 150 C., 
and by reaction of cyanogen bromide with silver oxide. These obser¬ 
vations have not been confirmed.'** Birckenbach and Kellermann, 
were unable to isolate the compound as a result of electrolytic oxi a 
tion of potassium cyanate in methanol, but they did obtain a so ution 
which liberated iodine from iodide and dissolved copper, zinc, and iron 
without the evolution of gases. This is indirect evidence that oxy 
cyanogen was produced in solution. Formation of the compound as a 
result of reaction of iodine with silver cyanate has been reported a so. 

Polyhalogerioids and Polyhalide-Halogenotds. A number o com 
pounds which are direct analogs of the polyhalides (p. 453) been 
prepared. These may contain only halogenoid groups or both hal^e 
and halogenoid groups. Thusammonium trithiocyanate, 

i« R. Ullman and G. B. L. Smith: J. Am. Chem. Soc., 68, 1479 (1946). 

‘•*F. Sommer: Bcr., 48, 1833 (1916). 
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has been obtained as a crystalline substance which is stable below 
—Correspondingly, the free tliiocyanogen liberated during 
the electrolysis of cold, concentrated aqueous potassium thiocyanate 
solution is presumed to be present as trithiooyanate ion, (SCNMa”. 
The formation of this species may account for the reduction in the 
rate of hydrolysis of thiocyanogen when excess thiocyanate is present. 
Selenocyanogen is also more stable in sclcnocyanate solutions.'®^ 
Electrometric titration of potassium sclenocyanate solutions with 
iodine indicates the existence in solution of the unstable species 
(SeCN)l 2 “, (ScCN) 2 l~, and (SeCN)3“, all comparable with the 
polyiodide, la”. Reaction of cyanogen iodide (below) with cesium 
iodide in aqueous solution yields a mixed compound, CsIjCN.’*^ It 
is only reasonable to assume that others should be formed as well. 

Interhalogcn-Halogenoids. The most extensively investigated of 
these interhalogen analogs are those containing the CN grouping in 
combination with a halogen, i.e., the so-called cyanogen halide.s of the 
type CNX (X = F, Cl, Br, I). The physical constants of these com¬ 
pounds are compared with those of cyanogen and hydrogen cyanide 
in Table 13*12. These constants should be compared with available 


TABLE 1312 

Physical Constants ix>r Cya.sooen Halides 


Property 

1 

1 (CN). 

1 

CNF 

CNCl 

CNBr 

CNl 

CNH 

MolectiUr weight 

Boiling poiDt, 

52.036 

-21.17 

45.0)8 

-72 

61.475 i 
12.6 

105.934 

61.3 

152.938 

27 026 
25 7 

Melting point, 

-27.9 

(subl.) 

— 6 5 

61.3 

146 

— 14 0 

Heat of vaporiention at b.p., 
kcal./mole 

6.778 

7 

i 

6.358 

6.700 

Density of liquid nt grams/ 


(subl.) 



ml. 

0.0537 


1.1963 

1.8633 

ca. 2.59 

0.6820 

Molecular volume nt b.p., ml./ 


mole 

54.65 


51 38 

56.85 

Cft. 40 

ca. 58.8 
46 75 

30.50 

APtii for formation, kcal./mole 

69.1 


35.5 

C—X distance. A 



1.67 ± 0.02 

1.79 ± 0.02 
1.13 ± 0.04 

1.97 


C—N distance, A 



1.13 ± 0.03 


1 






ones for the interhalogens of the same type (p. 447), Chemically, 
the cyanogen halides resemble both the free halogens and the free 
halogenoids. For example, hydrolysis of the chloride in the presence 
of alkali proceeds according to the equation 


CNCl -1- 20H- OCN- -f Cl- -h HjO 

iii^ R- Hoffmann: Bcr., 67B, 491 (1924). 

C. H. Mnthewson nnd H, L. WclU: Am. Chem. J., SO, 430 (1903). 
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Like the halogens, the cyanogen halides add to ethylenic linkages in 
certain organic compounds; and, like cyanogen and thiocyanogen, 
they undergo polymerization. Polymerization is favored by the 
presence of the corresponding hydrogen halide (HX) and thus is 
favored by the presence of moisture because of partial hydrolysis. It 
yields trimeric cyanuric compounds, (CNX)a, which are believed to 
possess cyclic structures*** as 

X 

1 

c 

/ \ 

N N 

I '' 

X—C C—X 

/ 

N 

The structurc.s of the cyanogen halides have been explored rather 
extensively. Although a number of possible arrangements have been 
suggested, the most feasible suggestion,'” based upon electron dif¬ 
fraction data for the chloride and bromide, involves the resonance 
structures 


: X : C:::N : 


uiul 


: X::C::N : 


(1) <11) 

Structure II, because of the charge separation characterizing it, would 
be expected to be less satisfactorj'. Calculation shows this structure 
to contribute only 24% to the total structure in the chloride and 33% 
in the bromide, the difference being due to the greater electronega¬ 
tivity of the chlorine which would reduce its acceptance of a formal 
positive charge. The molecules are linear. The iodide has been 
treated similarly by Stevenson.'” Crystal structure studies on cyano¬ 
gen iodide'” support these views as to resonance and indicate a molecu¬ 
lar lattice in a rhombohedral structure with one molecule to the unit 

cell. , , 

Cyanogen chloride and bromide can be prepared by treating y rp" 

cyanic acid or an alkali metal cyanide with chlorine or bromine m 

aqueous solutions at low temperatures or in an inert medium sue ns 


J. rurqulmrson; Trans. Faraday Soc., 83. 219 

J. Y. lieacli atul Turkcvicht J. .im. t’Arm. Soc.. 01. 299 (1939). 

1). 1*. Stevcnboii: J. Chein. l*hys., 7, 171 (1939). ,ioio) 

•*» J. .\. A. Keti limr and J. W. Zwarl.MCubrrK: Rcc- Imp. chim.. 08. 44.1 (IJJUJ 
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carbon tetrachloride or ethylenedichloride. The iodide is obtained by 
treating potassium or mercury(II) cyanide with iodine. Cyanogen 
fluoride is obtained in 20 to 25% yield aa a gaseous product from the 
reaction of cyanogen iodide with silver fluoride at 220®C.**® 

Thiocyanogen halides have been less well characterized. The 
chloride results a.s a white solid from the direct action of chlorine on 
thiocyanogen in chloroform. This material is apparently polymeric, 
and even when prepared at —50® to —00*0. has the composition 
(SCNCOj.*®' a hexamer has also been reported.*®* Reaction of 
lead(II) thiocyanate in carbon tetrachloride-acetic acid medium with 
bromine to liberate thiocyanogen and then with iodine gives a solution 
of thiocyanogen iodide, SCNI.*** A trichloride of thiocyanogen, 
SCNCls, boiling at 152° to 153®C. has been reported,*** as has the 
bromide, SCNBrj.'** The compounds I(SCN )3 and I{OCN)j are 
formed when the corresponding metal salts are treated with iodino 
monochloride. *** 

Other compounds of this general type are the explosive chlorazide, 
ClNj,**® bromazide, BrNs,*®* and iodazide, INj.*®* Chlorazide has 
been studied comprehensively by Browne and his coworkers, ***■ *"“ 
who prepared the compound either by treating an ethereal suspension 
of silver azide with chlorine at room temperature or by adding acetit^ 
acid slowly to an equimolar mixture of sodium azide and sodium 
hypochlorite in aqueous solution and distilling.**® The gaseous com¬ 
pound may be condensed to a yellow-orange liquid, which boils at 
around — 15“C. and freezes to a yellow solid at around — 100®C. It is 
a non-conductor and dissolves in butane, pentane, benzene, methanol, 
ethanol, ether, acetone, chloroform, carbon tetrachloride, and carbon 
disulflde. It reacts with ammonia to give the materials NH4CI and 
NHjNj or the materials Nj, NH4CI, and NH4Nj if excess ammonia is 
present, with pentane to give the substances HN| and CsHuCl, with 

‘••V. E. C5oalett: Z. onorg. aUgem. Chem., 201, 75 (1931). 

*•* A. Baroni: AUi accad. not. lAncei, Claate tet. fi$., mat. < naL, 23, 871 (1936). 

**• H. Lecher and G. Joseph: Ber., 59B, 2603 (1926). 

***H. P. Kauffman and H. Grosse-Octringhaus: Oel KohU Erdotl Teer, 14, 199 
(1938). 


*** H. P. Kaufmann and J. Liepe: Ber., 67B, 923 (1924). 

’**J. Comog, H. W. Horrabin, and R. A. Karges: J. Am. Chem. Soe., 60, 429 
(i938)« 


**• F. Raschig: Ber., 41, 4194 (1908). 

*”D. A. Spencer: J. Chem. Soc., 127, 216 (1926). 

*•• A. Hantiach: Ber., 33, 522 (1900). 

Kronrad, and A. W. Browne: J. Am. Chem. Soe., 66, 1696 
W. J. Frienon and A. W. Browne: J. Am. Chem. Soc., 66, 1698 (1943). 
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metals to give azides plus chlorides, with phosphorus explosively 
according to an undetermined pattern, and with silver azide to give 
azino silver chloride, NjAgCl, deep blue and decomposing to silver 
chloride and nitrogen above —SO^C. The halazides are treacherous 
compounds. 

The compounds CISCSN 3 and BrSCSNa have been obtained as 
probable products of reactions of azidocarbondisulfide with the appro¬ 
priate halogen in inert solvents such as chloroform at low tempera¬ 
tures.*®^ Silver azidodithiocarbonate reacts with bromine in ether 
to give a tribromo derivative, BraSCSNs.*®^ Reports on the sub¬ 
stances lOCN and BrOCN have also appeared.*®* 

Interhalogenoids. A series of cyanogen derivatives of other halo- 
genoids has been described, including the compounds cyanogen thio¬ 
cyanate, CNSCN;”* cyanogen selenocyanate, CNSeCN;*” cyanogen 
azide, CNNa;*"^* and cyanogen azidodithiocarbonate, CNSCSNj.*®* 
These compounds are low melting, comparatively volatile, crystalline 
solids which may be obtained by such reactions as those indicated by 
the equations 

Hg(CN)2 -I- 2(SCN)j-> Hg(3CN-)2 -|- 2CNSCN 
CNBr -f NaNa-^ NaBr -h CNN, 

CNBr -H NaSCSNj-^ NaBr 4- CNSCSN, 

Hg(CN)j + 2(SCSN,)2-» Hg(SCSN,), + 2CNSCSN, 

Chemically, these materials undergo hydrolysis much as do the halo¬ 
gens. Cyanogen azidodithiocarbonate decomposes to the products 
N 2 , S, (SCN)„ and (CN.SCN),.*®^ Other reactions of this compound 
are shown by the equations*®^ 

CNSCSN, -f 20H--» SCSN,- + OCN' + HiO 
CNSCSN, + 20H- — CN- -h OSCSNr + H,0 
CNSCSN, -1- 2NH,-^ NIBSCSN, -f NHaCN 
CNSCSN, + SCSN,--^ CNfSCSN,),- 

L CN- + (SCSN,)j 

«* W. H. Gardner and A. W. Browne: J. Am. Chem. Soc., 49, 2759 (*927). 

*« L. Birkenbach and M. Linhard: Ber., 62B, 2261 (1929); 63B, 2544 {19JU). 

103 Q. Darzena: Compi. rend., 164, 1232 (1912). . 

L. F. Audricth and A. W. Browne with C. W. Moaon: J. Am. Chem. boc., . 

2799 (1930). 
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In structure these materials are presumed to be comparable to the 
interhalogens. For example, cyanogen azidodithiocarbonate is con¬ 
sidered to possess the structure 

N=C—S—C—N=N=N 

i! 

s 

A comparable thiocyanogen azidodithiocarbonate, SCNSCSN j, has also 
been suggested,as resulting from the decomposition of azidocar- 
bondisulhde. 

Halogenoid Derivatives of Certain Non-mclals. That halogenoid 
derivatives of certain non-metals can be prepared was indicated 
by Miquel’s*”^ observation of metathetical reactions between the 
anhydrous chlorides of silicon, phosphorous, arsenic, etc., and lead 
thiocyanate. Although preparations of the thiocyanates of phos- 
phorus(III),^°* silicon,*®’ and boron’®* by Miquel’s general procedure 
were reported many years ago, it is largely as a result of studies by 
Forbes and Anderson’®®"”’ that information on compounds of this 
type is available. Compounds studied are all cither (iso)cyanates or 
(iso)thiocyanate8. The most stable in each series arc believed, 
particularly on the basis of chemical behaviors and molecular refrac¬ 
tion data,’®®-”® to have the iso configurations —NCO and —NCS. 

Miquel: Ann. cAim. phys. Iv), 11, 289 (1877). 

A. E. Dixon: J. Chem. Soe., 79, 541 (1901). 

J. E. Reynolds: J. Cfum. Soe., 89, 397 (1900). 

H. E. Cocksedge: J. Chem. Soc., 98, 2177 (1908). 

G. S. Forbes and H. H. Anderson; J. Am. Chem. Soe., 62, 7(51 (1940). 

**“ H. H. Anderson: J. Am. Chem. Soc., 64, 1757 (1942). 

*“ G. S. Forbes and H. H. Anderson: J. Am. Chem. Soc., 66, 2271 (1943). 

*‘® H. H. Anderson: J. Am. Chem. Soc., 66, 934 (1944). 

G. S. Forbes and H. H. Anderson: J. Am. Chem. Soe., 66, 1703 (1944). 

H. H. Anderson: J. Am. Chem. Soe., 67, 223 (1945). 

*“ G. S. Forbes and H. H. Anderson: J. Am. CA«m. Soc., 67, 1911 (1945). 

»‘*H. H. Anderson: J. Am. Chem. Soe., 67, 2176 (1945). 

G. S. Forbes and H. H. Anderson: J. Am. Chem. Soe., 69, 1241 (1947). 

H. H. Anderson: J. Am. Chem. Soc., 69, 2495 (1947). 

G. S. Forbes and H. H. Anderson: J. Am. Chem. Soc., 69, 3048 (1947). 

H. H. Anderson: J. Am. Chem. Soc., 69, 3049 (1947). 

G. S. Forbes and H. H. Anderson: J. Am. Chem. Soc., 70, 1043 (1948). 

“»H. H. Anderson: J. Am. Chem. Soc., 70, 1220 (1948). 

*** G. S. Forbes and H. H. Anderson: J. Am. Chem. Soc., 70, 1222 (1948). 

*“H. H. Anderson: J. Am. Chem. Soc., 71, 1799 (1949). 

*»lbid., 1801. 

**• H. H. Anderson: J. Am. Chem. Soc., 72, 193 (1950). 

‘"/Wd., 196. 
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In addition to simple halogenoid derivatives of silicon,*”® germa¬ 
nium,phosphorus,*”® and arsenic,*^” halide-halogenoid derivatives 
of silicon***-*^* and phosphorus,**^-*'®**‘® mixed alkyl-,**”-”*■*“•*” 
aryl-,***-*** and alkoxy-***-**• halogenoid derivatives of silicon in par¬ 
ticular, and oxy-halogenoid derivatives of silicon**® and phosphorus**” 
have been characterized. Evidence has been obtained also for the 
existence of antimony{III),*‘” thionyl, sulfur, and chromyl isocya¬ 
nates*** and of thionyl, sulfuryl, sulfur, and chromyl isothiocyanates*** 
as unstable compounds. 

The physical constants for the best characterized of these com¬ 
pounds are summarized in Table 13-13. The compounds arc quite 
generally soluble in non-polar solvents. It is apparent that they are 
all covalent compounds, although many appear to be associated in the 
liquid state. Comparison of their properties with those of the corre¬ 


sponding halides, as tabulated in subsequent chapters, shows these 
compounds to be strictly comparable to the halides. Chemically, 
these halogenoid derivatives are like the anhydrous halides and sub¬ 
stituted halides in the ease with which they undergo hydrolysis. 
Some of the isocyanates isomerize to the less volatile cyanates on 
heating.**”'*** Polymerization reactions also occur.*** Redistribu¬ 
tion of attached groups occurs in certain cases. Thus the compound 
PC1(NC0)2 rapidly rearranges to a mixture of P(NCO)) and of 
PCljfNCO),**^ and the substance SiCIi(NCS) changes to a mixture 
of SiCU and SifNCS)*.*** 

These compounds are prepared and purified in most cases by reacting 
the appropriate simple (e.g., SiCl*, PCU) or substituted (e.g., RxSiCl<_^, 
POCl|) anhydrous chloride with silver (iso)cyanate or silver (iso)- 
thiocyanate in benzene (under reflux if necessary), filtering off the 

precipitated silver chloride, evaporating off the solvent, and frac¬ 
tionally distilling.*”®-**** *>*• **«•»»» 

Alternatively, mixed compounds are formed when the anhydrous 
chloride (e.g., SiCU) and the simple halogenoid (e.g., Si(NCO) 4 ) are 
mhed in a hot tube at 600®C.*'* Reaction of silicon tetraisocyanate 
vnth methanol yields a mixture of silicon methoxyisocyanates by an 
^coholysis reaction.*** Hydrolysis of silicon tetraisocyanate and 
^misothiocyanate yields, respectively, the oxy compounds SinO„_i- 
K • *'"*'* SijOfNCSle.**® Fluo-halogenoid derivatives are 

fiuorination of the corresponding halogenoids (e.g., 

P{NCS),,*>*) with antimony(III) fluoride 
oKi t V'P^'^^y^silyl isocyanate ISi(C»H4),(NCO)] is also obtain- 
te from the chloride by reaction with urea, thiourea, and sodium 

A. W. Laubengayer and L. Iteggsl: J. Am. Chem. Soc., 66, 1783 (1943). 
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urethane,^*® and reaction of triphenylsilyl chloride with lead or 
ammonium thiocyanate yields triphenylsilyl isothiocyanate.*” Reac¬ 
tions in which non-metal halides are converted into halogenoids appear 
to be in accord with Anderson’s generalization that atoms connected 
to one central atom can displace atoms connected to a second central 
atom only when the atom to be replaced has the larger covalent single 
bond radius.”® 
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Periodic Group Vlh 
The Oxygen Family 

The elements oxygen and sulfur arc comparatively common, the 
quantities in the igneous rocks of the earth being 4G.G% and 0.052%, 
respectively. The other members of the oxygen family, namely, 
selenium, tellurium, and polonium, are comparatively rare, the i 
centages in the igneous rocks being roughly 10“^ lO’'^ and 10"‘^ 
respectively. In this chapter primary stress is placed upon the family 
as a whole, especially upon those trends, variations, and differences 
which follow from the considerations offered in Part 1 of this book. 
Emphasis upon specific phases of chemistry i.s restricted to oxygen and 
sulfur, except where consideration of the other elements is necessary 
to a more complete understanding of the family us a whole. 

FAMILY RELATIONSHIPS AMONG THE ELEMENTS 

Numerical data relating to the members of this family are sum¬ 
marized in Table 14-1. Paralleling the addition of more and more 
electrons are the expected general increases in the sizes of atoms of the 
element and of ionic species derived from those atoms. Corresponding 
increases in freezing and boiling points, and in heats of fusion and 
vaporization, and decreases in ionization potentials are apparent, 
whereas attractions for electrons as measured by electron affinity and 

e ectronegativity decrease. The same trends characterize the halogens 
Cp. 419). ® 

Since atoms of these elements are but two electrons short of inert 
gas atom structures, tendencies to achieve these structures by either 
the gain or the sharing of electrons would be expected. Comparison 
of the electronegativities of these elements with those of the corre¬ 
sponding halogens indicates a marked decrease in ability to gain elec¬ 
trons to form true simple anions in going from the halogens to these 
elements. The electronegativity of oxygen is such that binary ionic 
compounds will result for essentially all metallic elements (p. 208), but 
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for the other elements only those compounds with the most electr(> 
positive metals can be more than 50% ionic (pp. 206-208). It is 
apparent, too, that but little difference can be expected in the ten¬ 
dencies of sulfur, selenium, and tellurium to form dinegative lons^ 
Bonds which are essentially covalent (less than 507o lomc) result with 


TABLE 14 1 

Numerical Properties of Group VIb Elements 


Properly 


Atomic number 

Outer electronic configuration 

Atomic weight 

Stable isotopes, mass numbers 


Density of solid, grains/cc. 

Atomic volume of solid, cc. 

Melting point, *C. 

Boiling point, *C. 

Heat of fusion, krai./gram atom 
Heat of vaporization, kcal./gnim atom 

Covalent radius, A 
Ionization potential, ev 
Electron affinity, evil 
Electronegativity 
Crystal radii, A 
X-* in X'» 

X*‘ in XOr* 

J?;..forH.X^X+2H- + 2«-,volU 


Oxygen 


8 

2s*2p* 
16.0000 
16, 17, 18 


1.27 

12 6 

218.9 

•182.96 

0.053 

0.814 

0.74 

13.614 

-7.28 

3.5 

1.40 

0.09 

-0.815 


Sulfur 


16 

3«»3p* 
32.066 
32, 33, 
34, 36 


2.06* 
1.96§ 
15.56* 
16.35§ 
118.955 
444.60 
0.35 
2.52 
1.04* 
10.357 
-3.44 
2 5 

1.84 
0,29 
-0 14 


Selenium 


34 

4s*4p* 
78.96 
74, 76, 
77, 78. 
80, 82 

4.80t 
4.505 
I6.45t 
17.545 
217.4t 
684.8 
1.6 
4.35 
1.14 
9.750 
-4.21 
2.4 

1.98 

0.42 

+0.35 


Tel¬ 

lurium 


52 

5s»5p< 
127.61 
120 , 122 , 
123,124, 
125,126. 
128, 130 
6.24t 

20.24 

449.8t 
1390 
4.27 
11.0 
1.37 
9.01 

* 2.1 

2.21 

0.56 

+0.69 


throrlup'm ".rmay beTought “o" ^'possessing formal 
charges of -2. ig somewhat 

The tendency to share cle t P , For oxygen, 

less pronounced for these e paramagnetic character of 

the molecules 0, and J corresponds to the presence of two 

: 0444-0 ; 
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containing two 3 -electron bonds more closely describes this molecule 
than does any other.* Certainly, structures involving the complete 
pairing of electrons are ruled out. In terms of this structure, it is 
not surprising that two such molecules should associate with each other 
to give diamagnetic O 4 molecules," although it does not appear that 
true electron pair bonding characterizes the tetratomic molecule. 
This species and ozone are described in more detail later (pp. 485-487). 
For sulfur, electron pair sharing results in the formation of polyatomic 
chains and rings, of which the ring species Sg is perhaps most com¬ 
mon (p. 487). Selenium and tellurium also yield polyatomic mole¬ 
cules in solution and in the gaseous state. The molecules Sj, Sej, 
and Tez are undoubtedly strictly comparable with the molecule O 2 in 
structures.* 

Positive oxidation states are somewhat more common than for the 
halogens because the reduced electronegativities of elements of the 
oxygen family permit a greater variety of compounds containing such 
states and render them somewhat less oxidizing. Oxygen, of course, 
shows positive oxidation only in compounds containing fluorine (p. 
430), but, as one proceeds from sulfur to tellurium (and polonium), 
such states become increasingly common. Interestingly enough, such 
states are usually -1-4 and -fC, only a few comparatively unstable 
compounds having been prepared in which the elements are in - 1-2 
states. Among these are the sulfoxylates derived from sulfoxylic acid, 
H 2 SOi, oxides (SO, SeO, TeO), and a few halides (e.g., SCU, TeCli). 
A few odd positive oxidation states such as +3 and -|-5 are reported, 
but these probably represent more nearly average formal values than 
true values since they characterize the elements in ions such as 8504 “*, 
SjOe“*, etc., where complete bonding to but a single other type of 
element is absent. 

As is to be expected, the bonding in these positive oxidation states 

is primarily covalent. Such compounds are normally volatile or 

anionic. Those most commonly encountered for sulfur, selenium, 

tellurium, and polonium contain oxygen. In the -|-4 state, these 

elements show both oxidizing and reducing properties; in the -f 6 state, 

they are only oxidizing. The characteristics of sulfur compounds in 

these oxidation states are considered in later sections (pp. 518-547), 

^ are a number of comparisons among the sulfur, selenium, and tel- 
lurium compounds. 


* L. Pauling; The Nature of the Chemical Bond, 2nd Ed., pp. 272-274 
University Press. Ithaca (1940). 

• G. N. Lewis: J. Am. Chem. Soc., 46, 2027 (1024). 
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MODIFICATIONS OF THE FREE ELEMENTS 

All the elements in this family exist in a variety of modifications. 
These modifications may be true allotropic modifications or they may 
differ from each other in molecular complexity. 


Oxygen 

Ordinary oxygen consists essentially of diatomic molecules, the char- 
acteristics of which have been described already. Other forms of 
oxygen contain more or less than two atoms to the molecu e. 

Atomic Oxygen. Atomic oxygen, like atomic hydrogen (p. * >> 

no really stable existence. The heat of dissociation of 
oxygen is some -117.3 kcal. per mole, from which it 
not only must atomic oxygen be produced under energy-nch “"d.t.ons 
but also, once it is formed, it must revert to molecular 
readily. The latter process is catalyzed by many surfaces and the 
amount of energy liberated is sufficient to melt many metals (e g. 

platinum). The former process may be effected by ^ . 

oxygen through an electric discharge at pressures of ^^ut 1 mm 

b™-™ •• 

charee as in the production of ozone (p. 486), or by irraaia g 

lar oxygen at wavelengths below that at which 

tinuously (i.e., below 1900 A), using an but con- 

discharge tube.^ The product is never pure atomic o.xygen, 

centrations approaching 80 % have been obtamed. 

Atomic oxygen combines directly with molecular <>’‘>'8'" / 

mole. This reaction offers a ‘ ' 3 s in ozone 

of ozone, and it is probable that it ® of atomic 

formation in the glow discharge The oxidizing p 

oxygen is apparent from the couple 

HaO ^ 0(g) + 2H+ + 2e- £^"98 = "2.2 volts 

Atomic o.xygen thus reacts with ^ chloride, hydrogen 

. P Hartcck and U. Kopacli: Z. pM'l'. - 

. E. Wrcde: PA.A M, 53 (. 01 ..) 

* w Groth: Z. Ekktrochem.. A2, 533 
. K. H. Gelb: Enek. rxatl. .Valaru.., 16. 44 (1930). 



Ch. 14 


Oxygen 


485 


addition of oxygen, followed by other incompletely understood changes. 
Thus acetylene at low temperatures adds two oxygen atoms per mole 
and benzene adds three. Decomposition follows as the temperature 
is raised. Further studies on the behavior of atomic oxygen should be 
fruitful. 

Ozo 7 ie. Ozone is a blue gas, the vapor density of which corresponds 
to the molecular formula O3. On cooling, it condenses to a diamag¬ 
netic blue liquid which boils at -112.4“C. and freezes to a violet- 
black crystalline solid molting at - 103 ± 0.5®C. The critical temper¬ 
ature and pressure are, respectively, —o^^C. and 92.3 atm. Gaseous 
ozone dissolves to the extent of 0.494 volume in 1 volume of water at 
0°C. (1 atm.) and is somewhat more soluble than molecular oxygen. 
Carbon tetrachloride and chloroform are better solvents for the gas. 
Liquid ozone and liquid oxygen appear to be miscible only over limited 
ranges, separation into oxygen- and ozone-rich layers occurring us the 
ozone concentration increases. 

Chemically, ozone is characterized by its oxidizing power, by its 
ability to add to ethylenic double bonds, and by its tendency to revert 
to molecular oxygen in terms of the equation 

+ 34.2 kcal. 

The oxidizing power of ozone is apparent from the couples 

Oi + H 2 O O 3 + 2H+ + 2e- E° = -2.07 volts 

O 2 + 20H-O 3 + HjO + 2e- = -1.24 

from which it is seen that in acidic solutions ozone is exceeded in oxi¬ 
dizing power only by fluorine and materials such as oxygen difluoride, 
atomic oxygen, and hydroxyl radical, whereas in alkaline solutions it is 
exceeded only by hydroxyl radical. Many oxidations, among them 
ammonia to nitrite or nitrate, sulfur (moist) to sulfuric acid, iodine 
(moist) to iodic acid, and silver(I) to silver(II and III), are thus 
effected. Because the by-product of such reactions is only molecular 
oxygen, ozone has been suggested as an analytical oxidizing agent.’ 
Addition of ozone to ethylenic linkages is of particular importance in 
the characterization of organic compounds because hydrolysis of the 
resulting ozonides to aldehydes causes rupture at the double bond 
positions. The exothermic reversion of ozone to molecular oxygen 
often proceeds with explosive \dolence. Although pure liquid ozone 
may be distilled without decomposition in the absence of catalysis, 
reversion to oxygen becomes more rapid as temperature increases and 

’ H. H. Willard and L. L. Merritt; /nd. Eng. Chem., Anal. Ed., 14, 486 (1042). 
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is apparently instantaneous at 300®C. or above. Many metals, metal 
oxides, and other materials (e.g., N 2 OS, CI 2 , Br 2 ) catalyze the reaction. 

The structure of ozone has been the subject of considerable contro¬ 
versy. Early proposals of straight-line or cyclic structures are not 
compatible with infrared and electron diffraction data. These data 
indicate clearly that the structure is angular, but considerable dis¬ 
agreement as to the magnitude of the O—0—0 angle has resulted. 
The electron diffraction studies of Shand and Spurr® suggest an isosceles 
triangle arrangement with an angle of 127 ± 3° and an 0 0 bond 
distance of 1.26 ± 0.02 A. This structure is assumed to involve 

resonance among the forms 

■» 

0 

- /"X . 

:0' :o: 

• » 

since the measured bond distance is betw'een that for a single bond 
(1.48 A) and a double bond (1.10 A). This stmeture appears to be 
the most satisfactory yet proposed, although it is not in comp e e 



agreement with spectroscopic data.’ . 

Ozone can be obtained directly from molecular oxygen or indirectly 

from certain oxygen-containing compounds. The necessary 

the conversion of molecular oxygen to ozone can be supplied thermally 

(as in heating a platinum wire in contact with liquid oxyp ), 

las when oxygen is irradiated with light of about 2090 A wavelen^h^ 
electrically (as when oxygen or air is passed through a si 
discharge), or chemically (as is done for atomic oxygen). U« 
silent eLtric discharge is the principle upon 

and large-scale ozonizers depend. ‘ . nonnally con- 

(5% using air, 15% using oxygen), and the . „n,ong 

taminated with oxides of nitrogen. Certain ‘ 

them reaction of fluorine with water, heating ^ „ 

tion of ammonium peroxydisulfate with ni ne 

by-product. More promising for P''‘’P®r“ of dilute sulfuric 

chemical procedures. “"° ‘ od yields •« It has been 

acid at low temperatures gives ozone m go } ‘ ^ id and 

shown that electrolysis of eutectic mix u es ^dium or 

water at -50”C. or of Pe-^loric acid solut.ons 
magnesium perchlorate at somewhat lower tempera 

iG. Olockicr and G. Matlack. /. C • • 52 202,229 (1907). 

.O F. Fi«cher and K. Maasenez: Z. anorg. Chnn., 62. ZU 
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smoothly and efficiently by anodic oxidation of water." Concentra¬ 
tions of above 20 are obtained directly, using low overall pressure 
(0.1 atm.), platinum anodes, and pure lead cathodes. The product U 
free from impurities beyond hydrogen and oxygen. This process 
shows considerable promise, especially since the raw material is water. 
Ozone can be separated from oxygen by liquefaction and fractional 

distillation.** 

TeiraUmic Oxygen. Although ordinary oxygen is essentially com¬ 
pletely diatomic, sufficient tetratomic (O*) molecules are present to be 
detectable by spectroscopic means.** At lower temperatures, the 
reaction 20 j —♦ 64 is favored, and at liquid air temperatures the con¬ 
centration of O 4 molecules becomes appreciable.* The species has 
also been reported in solid oxygen.** But little is known about the 
O 4 molecule, although it appears to be made up of two 0 * molecules 
bonded together by forces which are weaker than those in electron 
pair bonds but stronger than those of the pure van der Waals type. 
The heat of formation of the species O 4 from molecular oxygen is only 
0.13 kcal. per mole. 

Sulfur 

Sulfur exists in a variety of modifications in either the solid, liquid, 
or gaseous state. The literature describing these modifications is 
somewhat involved and contradictory.** Specific data relative to 
these forms are given in Table 14*2. Much of the complication arising 
from the existence of these materials is due to the presence of molecules 
of varying complexities. Chief among such species are the molecules 
corresponding in composition to the formula S». They are found in all 
three physical states and represent puckered octagonal rings which 
may be diagrammed as 



where the S—S bond distance is 2,12 A and the bond angle is 105®.** 

“G, L. Putnam, R. W. Moulton, W. W. Fillmore, and L. H. Oark: Tram. 
EUctrochem. Soc., 98, 211 (1948). 

** S. Karrer and 0. R. Wulf: J, Am. Chem. Soc., 44, 239 (1922). 

“ 0. R. Wulf: Proc. Natl. Acad. Set., 14, 609 (1928). 

**L. Vegard: Nature, 136, 720 (1935). 

*• H. F. Schaeffer and G. D, Palmer: J. Ckcm. Education, 17, 473 (1940). 

** B. E. Warren and J. T. Burwell: J. Chem. Phus., 8, 6 (1936). 
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TABLE 14 2 

Modifications of Solid Sulfur 


Modification ' 

1 

' Designation 

1 

1. Crystalline forms 

1 

«. rhombic 

1 Sa or Si 

6 . monoclinic 


1 . prismatic 

or Sit 

2 . nacreous 

Si or Sin 

3. 

Sa or Siv 

c. rhombohedral 

S# or Sp 

d. miscellaneous 

1 . tetragonal 


2 . rhombic plates 

Sf 

3. hexagonal plates ! 

s. 

2. Amorphous forms 

Sx 

3. Plastic form 

s« 

Sr 

Su + Sx 


Molecular 

Crystal Con¬ 

Bond 

Formula 

stants, orfctc 1 
• “ ! 

Angle. 

s, 

0.814:1:1.1)05 

1 

1 


1.996:1:0.9998 

84M4' 

1 

' 1.061:1:0.709 

88*13' 

' s. i 
1 

1 



4 

1 

1 

i 

■ s, 

i 



S 4 

1 

1 

1 

1 




Modification 

1. Crystalline forms 
< 1 . rhombic 

b. monoclinic 

1 . prismatic 

2 . nacreous 

3. 

c. rhombohedral 

d. miscellaneous 

1 . tetragonal 

2 . rhombic plates 

3 . hexagonal plates 

2. Amorphous forms 

3. Plastic form 


TABLE 14-2 (Continued) 


1 

Melting 

1 

Specific 

, Stdubility 

1 

Kiirigc of 

’ Point, *C. 

4 

Gravity 

1 ^_ 1 

; in CS; 

Existence 

« 

1 

I 112.8 

> 

1 

2.06 

1 

1 

sol 

below 95.5* 

1 

118.75 , 

1 1 

1 .96 

sol. 

95.5-118.75 

lOG 8 


sol. 

nnstftblP 


2.13,5 

1 

1 sol. 

1 

1 

1 

? 

» 

1 

1 

i 

1 

1 1 

sol. 


1 

1 

1 

1 

iiisol. 

sibove 160* 

1 

i 

1 

1 

1 

1 

••a. 2IH)* 


Culcuhaions by raullnR” give a l.ond angle "o 

nearly the aamo as the normal angle (<«. 100 ‘ i, 

stability of the Ss arrangement in comparison «ilh ott 

i> I,, l-anling: I’roc. Ma,l. Sci., 35, 495 (1949). 
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apparent. Species with compositions S. and S, are also found in the 
slu and liquid states. They appear to be .-ham structures. In the 

vapor state at temperatures between 500X’. and 8o0 ^ 

appear, and they in turn dissociate to some extent at 1900 to 2000 C. 

Lid Sulfur. Rhombic .sulfur (S.) and the common monodinic 
form (Sd undergo enantiotropic change at 95.5"C. I he translorma- 
tion from to is endothermic to the extent of O.IOo kcul. per grain 
atom and is accompanied by an increase in volume. Ihc rates a 
which these reversible transformations take place are so slou that 
either form may often be pre.sorved for days at a temperature somewl.al 
removed from the transition value. Freezing point data for solutions 
in non-polar solvents are in agreement with the formula Sg. Ihe 
rhombic form is the stable crystalline form at room temperature. If 
crystals of this form are maintained at around lOO^C. for several iiours, 
they become opa<iue owing to transformation into aggregalo.s of mono- 
clinic crystals. Monoclinic sulfur also forms when molten sulfur is 
allowed to cr>-stailize slowly or when sulfur is crystallized above the 
transition temperature from a solvent such a-s toluene. 

The other crystalline forms of sulfur are of le.s.s importance. Tliey 
are prepared by rather specialized techniques'^ and are commonly 
sufficiently unstable to be difficult to study. 11 appears that on cooling 
sulfur the following transformations occur: 


$ 


S,--S, ^ Sf - s,S.,s, 


all transitions being monotropic except the last.'’’ Another form, Sp, 
is obtained by extracting an acidified thiosulfate solution witli toluene. 
Except for So and Sa, it is probably the most important of the crystal¬ 


line modifications. 

A variety of amorphous forms can also be prepared under specific 
conditions. The commonest form is probably Sp, which forms when 
sulfur melts and which increases in fiuantity as the temperature rises. 
The relations existing among Sp, Sk, and S, are considered in the next 
section. The white amorphous material remaining when flowers of 
sulfur are extracted with carbon disulfide may be Sp. Milk of sulfur, 
precipitated by action of acids on polysulfidc solutions, appears to be 
largely Sx. Colloidal sulfur may be either Sx or Sp. 

Plastic sulfur, obtained by the sudden cooling of molten sulfur 
heated above 160®C., is amorphous like rubber, but when stretched it 
gives an x-ray diagram characteristic of fiber structures. It appears 
that the stretched material contains chains of sulfur atoms arranged 


“ E. Korinth; Z. anorg. <xllgem. Chem., 174, 57 (1928). 
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parallel to the direction of stretching.Gingrich” reports that 
each sulfur atom has two nearest neighbors 2.08 A removed. Paul¬ 
ing*’ believes each unit in plastic sulfur is made up of sixteen parallel, 
seven-atom, two-turn spirals. On standing, plastic sulfur reverts 
slowly to an opaque and brittle material consisting of Sa and S„. At 
temperatures below —29®C., crystallization does not occur. Plastic 
sulfur can be prepared also by the action of concentrated nitric acid on 
solid sodium thiosulfate, by the interaction of hydrogen sulfide and 
sulfur dioxide, or by decomposition of xanthates. In all cases, it 
appears to result from the rupture of S9 rings. Plastic sulfur can be 
preserved by incorporating into it such materials as iodine, arsenic, 
thallium, the oxides of arsenic or thallium, phosphorus sulfides, and 
various phenolic products. The combined high elasticity (elongations 
of 800 to 1000%) and chemical inertness of plastic sulfur suggest that a 
method imparting permanent stability to the plastic material might 


well yield a product of technical importance. 

Liquid SulJuT. When sulfur is heated rapidly, it melts at 114.5°C. 
to a pale yellow, mobile liquid. This so-called natural melting point 
is above the true melting point of S* and below the true melting point 
of Sff. These true melting points are the temperatures at which crystal¬ 
line sulfur is in equilibrium with molten Sx. However, the presence of 
S, alters the true melting points, the natural melting point then being 
the temperature at which crystalline sulfur is in equilibrium with an 
equilibrium mixture of Sx and S,. The presence of S,. has no effect 
because at this temperature rapid transformation of S, to Sx and b, 
occurs. The normal phase relations involving liquid, solid, and 


gaseous forms of sulfur are shown in Figure 14-1. 

As the temperature of mobile molten sulfur is raised, the liquid 
becomes dark brown at 160" to 170"C. and very viscous, maximum 
viscosity resulting in the neighborhood of 200"C. Further increase m 
temperature is accompanied by decreased viscosity. These ph^ 
nomena have been attributed to the presence of more than a sing 

species in liquid sulfur formed by a type of dynamic 
form Sx, which results when crystalline sulfur first melt^s, app 
converted to S. as temperature increases. At the same ^ • ' 

also formed. Liquid sulfur is therefore a mixture of the ^ree sp^^^^, 
S„ S., and S,. The relative Percentages of these mate a^^ 
tion of temperature have been evaluated by Aten. 


.. K. H. Meyer and Y. Go: Hclv. Ckim. Ada ‘L mSM'Mdb 
to J J Trillat and H. Forestier: Bull soc. chim., 61, 248 
*• N. S. Gingrich: J. Chem. Phys., 8. 29 (1940). 

** A- H. VV. Aten: Z. phytik. Chem., 88, 321 (1914). 
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Selenium and Tellurium 

values at lOO-C. are S. 4.1 %, S. 6.7 %, and Sx 89.2 %. The quantity 
of S. reaches a maximum in the region 160» to 200°C., but the quantity 
of S„ continues to increase up to the boiling point. The molecular 
formula for S, is S 4 ; that for is sometimes given as Se- Dissociation 
of the cyclic Ss molecules to produce chains which may become 
entangled with each other is said to cause the viscosity increase.'* 



Fio. 141. Phase relations for sulfur. (Not drawn to scale.) 


Gaseous Sulfur. Sulfur boils at 444.6®C., yielding a red vapor 
which becomes yellow as the temperature is increased. Vapor density 
determinations indicate the presence of Sg, Se, and S: molecules, 
depending on the temperature (p. 489). 

Selenium and tellurium 

The modifications of selenium appear to be similar to those of sulfur, 
although they have been studied less extensively. The following solid 
forms can be distinguished: 
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1. Metallic or gray selenium, a hexagonal crystalline form, which is 
soluble in chloroform but insoluble in carbon disulfide. It is obtained 
by heating other solid forms of selenium and is the stable form at room 
temperature. Its ele<‘trical conductivity is increased some threefold 
to 200-fold by exposure to light, a property which is used to advantage 
in certain photocells. 

2 . ^fonorlinic or rcti selenium, which is obtained by extracting 
vitreous or amorphous red selenium with carbon disulfide, and evapor¬ 
ating or precipitating. Slow evaporation of such solutions below 
72®C. give.s one red form (Sco); rapid evaporation gives another (Se^). 
X-ray studies indicate that alpha monoclinic selenium consists of Ses 
molecules of the same puckered ring type characteristic of rhombic 
sulfur, the bond distance being 2.34 A and the bond angle 105.3® ± 
2 . 3 .=* 

3. Amorphous selenium, which may exist as black, vitreous selenium 
(sp. gr. 4.28), amorphous red selenium (sp. gr. 4.20). or red colloidal 
selenium. Vitreous selenium results when molten selenium is cooled 
suddenly. At 00® to 80°C., it reverts to the metallic form. Amor¬ 
phous red selenium is obtained by reduction of selenite with sulfur 
dioxide or by action of acids on selenocyanate ion. Colloidal sols are 
obtained in a similar fashion. 

In the liquid state selenium appears to exist as more than a single 
molecular species, but definite data are lacking. The dark red vapor 
from boiling selenium apparently contains Se# molecules, but vapoi 
density decreases with increasing temperature owing to dissociation. 

Above 1400®C., only Sei molecules exist. 

The common variety of solid tellurium is a brittle, silvery-white, 
metallic, hexagotial-rhombohedral form. An amorphous variety (sp. 
gr. 6.015) is obtained by sulfur dioxide reduction of tellurium(l\ )■ 
In the gaseous state, Te-. molecules are well characterized. 


CHEMICAL CHARACTERISTICS OF THE ELEMENTS 

The more important aspects of the chemical behavior of the elements 
in this family are summarized in Table 14-3. The chem.ca chnrac^ 
teristics of these elements are much less amenable to systema ic rea 
ment than are those of the halogens (Ch. 13) since alterat.on fr.™ 
non-metallic character (with oxygen) to 

(with tellurium) is much more profound m this family. • 

reactions described in Table M-3 arc more those of sulfur, selenium. 

..R. D. Diirbank: Navy Contract N5ori.0780l, MaaaachnKtIa Insl.lutc of 
TccbnoIoKy, Terhnicul Report .37, Juno, 1950. 
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and tellurium than of the family as a whole. As is true of the physical 
characteristics, the chemical characteristics of oxygen are considerably 
out of line with those of its congeners. The small size of oxygen 

TABLE H 3 

Chemical Characteristics of Group VIb Elements 


General Equation* 

RemarkH 

xX + yM- 

— M,X. 

With many metals 

zX + M,X, - 

-* MrX.^. 

Especially with S, Se 

xX + X-»- 

— X-*,.i 

With S, Se 

X + Hi-■ 

► H,X 

With decreasing vigor in the series 



Oj, S, Se, Tc. 

X+3F,- 

^ XF( 

With S, Se, Tc, and excess F, 

2X -1- 5F,- 

—* XiFio 

With S, Se, Te 

2X -1- Clj- 

-» x,cut 

With S, Sc (Te gives TeCl,) 

x,a,-1-CU- 

-* 2XCl,t 

With S, Se 

X +2a,— 

- XCLt 

With S, Se, Te, and excess Cl, 

X+0,-. 

► XO, 

With S (with Se, use 0, -|- NO,) 

3X -1- 4HNO, 

3X0, + 2H,0 + 4N0 

With S, Se, Tc 

3X -I-60H-- 

-► XO,-* + 2X-* + 3H,0 

With S 


• X = S, Se, Te specifically, and 0 if not otherwise specified, 
t Parallel reactions with Brj. 


imparts enhanced oxidizing power and thus greater reactivity toward 
a variety of materials. Indeed, oxygen is chemically somewhat more 
like the halogens than like sulfur, selenium, and tellurium. Certain 
of these differences are apparent in subsequent sections of this chapter. 

PREPARATION AND PRODUCTION OF THE FREE ELEMENTS 

Oxygen is obtained in the laboratory by the thermal decomposition 
of oxides of the less active metals (e.g., mercury, silver), peroxides 
(e.g., hydrogen, barium), certain dioxides (e.g., lead, manganese), 
or certain oxy salts (e.g., chlorates, perchlorates, nitrates, of the alkali 
metals); or by the electrolysis of water. Technically, oxygen is 
obtained most extensively by the fractional distillation of liquid air, 
although some is produced elcctrolytically. Sulfur is obtained tech¬ 
nically from the large deposits of native sulfur found in the Louisiana- 
Texas region or in areas of volcanic origin (Sicily, Japan, Mexico). 
Smaller quantities are obtained by reduction of sulfur dioxide pro¬ 
duced in the smelting of sulfidic ores or oxidation of by-product 
hydrogen sulfide. Crude sulfur is purified by distillation in pure 
carbon dioxide. Selenium and tellurium are normally recovered as 
by-products from metallurgical plants which treat selenium- and tel¬ 
lurium-containing sulfide ores. 
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SOME SPECIAL PHASES OF OXYGEN CHEMISTRY 

Special phases of oxygen chemistry to be considered embrace water 
and its derivatives and hydrogen peroxide and its derivatives. 


TT’ofer 

Commonest of all oxygen-containing compounds is water.* The 
more important physical constants of water have been summarized in 
Chapters 10 (p. 341) and 12 (p. 393). Comparisons of some of these 
values with corresponding ones for other Group VIb hydrides men¬ 
tioned earlier (pp. 189-191) are summarized in more detail in Table 
14-4. In Chapter 10 (pp. 342-344), the solvent properties of water 


TABLE 14-4 


Physical Characteristics of Simple Hydrides 


Property 

H,0 

H,S 

H,Se 

H*Te 

•Melting point, *C. 

0 00 

-85.60 

-60.4 

-51 

Boiling point, *C. 

100 00 

-60.75 

-41.5 

-1.8 

Critical temperature, *C. 
Heatof fusion, kcal./moic 

374 1 

1.435 

100.4 

0.568 

137 


4.75 

6.7 

Heat of vaporization, 



kcal./mole 

Density at b.p., grams/ 

9.719 

4.463 

2.650 

ml. 

Heat of formation at 

0.958 

0.993 

2.004 

-34.2 

20'’C., kcal./mole 
Surface tension at b.p., 

68.35 

4.80 

-18.5 

30.0 

dynes/cm. 

Electrolytic dissociation 

58.9 

28.7 

28.9 


at 18‘’C. 

K, ' 

K, 

1,07 X 10-‘« 
< 10-” 

0.91 X 10-* 
1.2 X 10-'* 

1.7 X 10-* 
ca. 10-'* 

2.3 X 10“* 
ca. 10'* 

Dipole moment of gas, 
e.g.s. units X 10'* 

1.85 

• 

1.10 


0 


-- 


have been compared with those of a variety of water-like 
The relations of water to a system of acids and bases and " 

phenomena in general have been treated in ^ (.qo’ 

These items should be reviewed in conjunction with th P 


sidered below. 

• The term icater is ordinarily restricted to the liquid pW ^^reo 

compound H,0. In a broad sense. 1 by a 

physical stab-s of the compound. When so used, it should be qual.hcd by 

nation specifying the actual state being considered. 


f 
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The physical characteristics of water in all its forms have been sum¬ 
marized comprehensively by Dorsey.‘‘‘ As already implied (p. 189), 
many of the characteristics of water which distinguish it from anal¬ 
ogous hydrides of sulfur, selenium, and tellurium are associated with 
its hydrogen bonded structure in the bulk. Individual water mole¬ 
cules have the non-linear structure (p. 186), 


but they are essentially non-existent except in the vapor phase. 

The structure of liquid water can best be approached by prior con¬ 
sideration of the solid. Pioneer phase rule studies by Tammann^^ 
and Bridgman*®' ** have shown that in addition to the ordinary solid 
(Ice I), formed by the freezing of liquid water, a number of other 
solid forms result under pressure. The essential details of the phase 
diagram (after Bridgman) arc included in Figure 14*2. Although 



Fio. 14-2. Phase relalioos for water. (Not drawn to scale.) 

*‘N. E. Dorsey: Properties of Ordinary Water Substance, American Chemical 
oociety Monograph 81. Reinhold Publishing Corp., New York (1940). 

” G. Tammann: Z, physik. Ckem., 84, 257 (1913)'; 88, 57 (1914). 

”P. W. Bridgman: Z. physik. Chem., 86, 513 (1913). 

” P. W. Bridgman: J. Chem. Phys., 6, 964 (1937). 
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x-ray methods are incapable of locating hydrogen atoms in such struc¬ 
tures, they do show**"^'’ that in Ice I. Ice 11, and Ice III each oxygen 
is surrounded tetrahedrally by four other oxygen atoms, slight distor¬ 
tions in tetrahedral linkages being responsible for the different solid 
materials. In Ice I, the 0—O bond distance is 2.76 A. and the oxygen 
atoms occupy the positions of Zn and S atoms in wurtzite {p. 133) or 
of Si atoms in tridymite (p. G92). This is an open structure, particu¬ 
larly in comparison with, for instance, the close-packed structure of 
solid hydrogen sulfide, and is in accord with the diminished density 
of Ice I. The 0—0 distance permits inclusion of a hydrogen atom 
between each two oxygens, giving then an overall structure of HjO 
units held by hydrogen bonds. Each oxygen atom appears to have 
two hydrogens closely associated with it (at ca. 1 A distance) so that 
in a given hydrogen bond the hydrogen is unsymmetrically placed. 
This structure does not seem to be essentially rigid as proposed by 
Bernal and Fowler®* but rather to amount to a number of configura¬ 


tions distinguished by different arrangements of hydrogen atoms and 
resulting either from rotations of water molecules or movements of 
some hydrogen atoms from positions close to particular oxygen atoms 

to similar po.sitions close to others.®” 

Only at low temperatures (-183^0.) does each water inolerule form 

completely the four hydrogen bonds of which it is capable.®® As tem¬ 
perature rises, molecules resulting from two or three such bonds appear, 
and the structure becomes somewhat disordered. This trend con¬ 
tinues on fusion and at higher temperatures until ultimately complete 
rupture of the hydrogen-bonded structure occurs, ^^ate^ 
at its boiling point as individual discrete molecules. Even at ^ 
somewhat more than half the possible number of hydrogen bonds stiii 
exist.®” At 0®C. liquid water retains a good deal of the open stnic ure 
of ice ®‘ but, as the temperature rises and hydrogen bonds are ro -en, 
a tendency toward a close-packed structure appears. The max.mum 
in density at 4‘*C. results from a change in the equiiihrium U 
these two essentially opposite structures. It is apparent I lat iroug | 
out most of the liquid range the molecular complexity of ^^atcr is 
actually much greater than the simple formula H -O « prt 


** W. H. Banu's: /W. Roy. Sor. (Uwlon). A126, ‘wO <I‘J2‘.i). 

» L. Pauling: J. .Im. Chnn. .SV.. 67, iOI-mt Cornell 

JO Pauling: The Sature of the Chemical Horid, 2n<l 1.(1., pj - • 

University Press. Ithaca (1940). 

J. D. Bernal and K. H. Fowler: 7. Cheoi . Phys 1 Mo (Um ^ 

”P. C. Cro-sa, J. Burnham, and P. A. Leighton. J. 

(1937). 
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The chemical versatility of water is associated with its ability to 
react as either an oxidizing agent or a reducing agent or as either an 
acid or a base (p. 310). The oxidizing characteristics of liquid water 
are summarized by the couples 

iHs ^ H+(10-' m) + e- = 0.414 volt 

for pure water and 

+ OH- ^ HjO + e- = 0.828 volt 

for solutions containing hydroxyl ion at unit activity. From these, 
it is apparent that any reducing agent characterized by a potential 
more positive than 0.414 volt will reduce pure water to hydrogen but 
that reducing agents with potentials more positive than 0.828 volt 
are required to reduce water in molal hydroxide solutions. The 
reducing properties of water are summarized by the couples 

HsO ^ iOs + 2H:■ + 2e- = - 1-229 volts- 

in acidic (oh* = 1 ) solution, 

HjO + 2H+(10-’m) + 2c- = -0.815 volt 

in pure water, and 

y 

20H- ■+ HjO + 2e- = -0.401 volt 

in alkaline (qoh- = 1) solution. From this it is apparent that the 
oxidation of water, although never easy to effect, becomes decreas- 
ingly difficult as the hydrogen ion activity (concentration) decreases. 
Under any circumstance, a powerful oxidizing agent is required. 

The acid-base characteristics of liquid water, as previously discussed 
(pp. 308-321), are associated with the equilibria 

HaO ^ H+ + OH- kx/ = 10->« 

OH- ^ H+ + 0-* kx/ < 10-»« 

HaO + 0-* 20H- ks' > 10+« 

Only the first dissociation of water is of importance. Not only is the 
constant for the second dissociation very small, but hydrolysis of oxide 
ion in water, as shown by the third equation, is complete for practical 
purposes, and oxide ions cannot exist in aqueous solutions. 

Modes of occurrence of water in inorganic compounds 

A variety of inorganic compounds either result from combinations 
of other materials with water or yield water when heated. Such sub- 
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stances may he regarded as containing chemically bound water, but 
differences in properties suggest a variety of types of binding. Among 
the types of bound water, we may distinguish the following. 

H'a/cr of Constihition. Such water is present as hydroxyl groups, 
although it can often be removed as such by heating. Strictly speak- 
in" the term water of conslilution is a misnomer since no actual water 
molecules can be distinguished in such compounds. Examples are 
found in the true metal hydroxides (e.g., NaOH, Mg(OH) 2 ), in certain 
ba.sic salts (e.g.. HgOHCl, BifOIDjNOj), and in the oxy acids (e.g., 


S02(0H)2, O 2 NOH). 

Coordinated Water. Such water is associated in stoichiometric quan¬ 
tities with cations and is usually said to be held by coordinate linkages. 
This would imply an exact similarity between all hydrates and such 
Werner complexes (Ch. \TI) as the metal ammines. Actually, the 
situation is somewhat more complex. There is every reason to believe 
that, whereas in some instances aquo cations exist as essentially 
covalent entities, in other cases only electrostatic attractions or the 
demands of crystal stability govern the presence of water. Kot all 
hydrate water, therefore, can be regarded as coordinated to the cation 
(see anion water, lattice water, and zeolitic water discussed below). 
Werner’s emphasis upon analogies between hydrates and ammines 
must be modihed in the light of more recent observations. In cases 
of hydrate isomerism (p. 249), water molecules appear to be covalently 
bonded to cations; in most other cases, however, bonding is more 
strictly comparable to that in the reversibly dissociated ^ 

complexes (p- 227). Although aquo-cations of definite 
characterize crystalline salts, the natures of such ions 
not been established with certainty (p. 281), 

ment among the results of various experimental methods which are 

designed to show their compositions, ,„i,.hinmctric 

Anion Water. Such water is present in crystals in sto.chiomc nc 

quantities but is associated with anions rather than cations, 

ably through hydrogen bonding (p. 189)^ ed sulfates where 

larly common, but it is found m a number of the 

the number of water molecules present ^ ^ 5 .hydiate 

coordination numlier of the metal ion. „„ „f t|,i., .salt 

ia a typical example. It ,s well ^"0'™ 

proceeds in .steps, yielding succoi«.vely CuSO. 31 = coniplclo only at 
but that tlie removal of the hnal water m^een e is con 

200“ to 300“C. hour of the water j, held to the 

copperdI) ion as coordinated wa er. ^j ,„„ 3 ,ly held 
sulfate ion by two liydrogen bonds and is at the same 
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by other hydrogen bonds to two of the coordinated waters. The 
overall structure is then crudely 



Application of heat presumably causes successive loss of the two non¬ 
hydrogen-bonded waters, the other two waters coordinated to the 
cation, and the anion water. It is significant that when copper(II) 
sulfate reacts with aqueous ammonia the product is [Cu(NHj) 4 ]S 04 ’ 
HjO, the anion water having been retained. Other hydrated sulfates 
such as NiSO^’THaO, ZnS 04 - 7 H 20 , etc., presumably contain a single 
mole of anion water. The phenomenon may also characterize salts 
containing other oxy-anions such as oxalate. 

Lattice Water. Such water is present in stoichiometric proportions 
and occupies definite lattice positions, but it is not associated directly 
mth any particular anion or cation. Such a condition might result 
if neither cation nor anion exhibited a strong tendency to attract water 
molecules or if water molecules in excess of those with which the ions 
could associate were present. Thus many simple and complex 
hyiated haUdes, e.g., BaCl,-2H,0, [Coen.] (Cl, Br)a'3H,0, lCr(H,0).- 
Ol]Cla-Hj0, [Cr(HjO)4Clj]Cl-2HiO, contain water molecules which are 
not attracted to the halide ions and are presumably of the lattice type. 
Co^espondingly, the extra water present in many excessively highly 
hydrat^ compounds is lattice water, and is not present as doubled 
molecules, (HjO),, as Werner originally postulated. This is true in 
particidar of the alums. M'M>"(S 04 ),- 12 H, 0 , (p. 539) where six water 
molecules axe coordinated octahedrally around the ion M+> whereas 
e remainmg six are arranged octahedrally around the ion M+ but 
at distances too great for definite attachment.” Among the poly 

excessive quantities of water 
apparently fill m holes in the crystal lattices. 

DosiSr- ^v.^‘ molecules occupy more or less random 

position m the crystal lattice and are lost continuously upon dehydra- 

are lost m a stepwise fashion with the production of 

” H. Upson and C. A. Beevera: Proe. Roy. Soc. {London). A148, 664 (1935). 


new 
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solid phases. Zeolitic water is found between layers in a crystal lattice 
or in the interstices, and its removal either does not alter the lattice or 
changes the spacings only very slightly. Among such materials are 
the natural and synthetic zeolites (p. 728), other silicate minerals of the 
clay types (p. 727), certain basic salts, and hydrates such as green 
CraCSOda-lSHsO. 

Hydrated Colloids. Such water is present in indefinite quantities 
in hydrous precipitates and gels (p. 501). Since it may be present in 
almost any quantity and is lost continuously on dehydration, there is 
little likelihood that it is held in any chemical fashion. 

The subject of bound water is treated comprehensively by both 
Emel6us and Anderson'^ and Wells.“ These references should be 
consulted for further details. 


Derivatives of water 

Water may be regarded as the parent of series of oxides, hydroxides. 

and basic salts containing either O"’ or Oil groups. 

Oxides. As already indicated, the binary compounds of oxygen with 
all but the most electronegative elements show considerable lomc 
character (p. 208). Inasmuch as those containing the non-metaliic 
elements are discussed in other chapters in connection with those ele¬ 
ments, only the metal oxides need be considered here. ^ 

Metal oxides may be regarded as containing the 0 ion in tnei 
lattices. Because of the marked basic character of this ion, e 
compounds would be expected to react with acids under a J 
condUions. Acids furnishing high concentrations of protons ^ 

react with most metal oxides, but only those oxides "■‘h 
lively small lattice energies react with or dissolve m pure _ 
reatrLs the water-soluble oxides to those of the 

alkaline earth metals, and thallium(I). The >»"■'ele 
many metal oxides permit their treatment by the Bo-;H;^'>cr c^cle 

(n 184) and in general many of the properties o ntities in 

fatfd with variations in the magnitudes of 'he .«anUbcs - 

the various steps involved. The structures of metal oxio 

described in detail by Wells.^* , * , hvHmvide should be 

Hydroxides. Strictly speaking, t e OH" groups, 

restricted to those compounds which conta 

« H. X Enie..us and J. S. Andean: 

Press, Oxford, (1950) 

A F. WelU: Quart. Rtvs.t 1S5 (i94o;. 
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Such compounds are derived from both the metallic and the non- 
metallic elements. Relative to water as a parent solvent, they are 
basic if they yield OH" ions or acidic if they yield H+ (better H 3 O+) 
ions. As previously shown (pp. 319-321), the dissociation of such 
materials is related to the charge and size of the central element, 
with acidic characteristics becoming more pronounced as charge 
increases and size decreases. Materials of intermediate character are 
amphoteric. 

The insoluble and often gelatinous products which are thrown down 
when metal salt solutions are treated with hydroxyl ion or hydrolyzed 
or when hydrogen ion is added to appropriate oxy-anions are com¬ 
monly called hydroxides. Such usage is careless and often incorrect. 



Fio. Isolijiric (Ipliytlrutidh ciirvi*s for hydrous precipitates. (Adapted froin 

H. B. Weiser; Inonjauic Colloid Cheinislry. Vol. II. I'he Hydrous Oxides and 
Hydroxides, p. 19. John Wiley and Sons, New York [1935].) 


As Weiser points out,’^ such precipitates carry indeterminate (juantities 
of water and are, therefore, properly named hydrous, but they are not 
necessarily hydrous hydroxides. At least three different behaviors, 
indicating three different types of materials, may be distinguished by 
isobaric dehydration techniques. This is shown by the schematic 
curves given in Figure 14-3. 

In Figure 14-3, curve A indicates loss of water at a definite composi¬ 
tion and is characteristic of those compounds in which the water over 
and above that of the hydrous type is present in the stoichiometric 
quantity necessary for a true hydroxide, e.g., in Mg 0 -H 20 or Mg(OH)i. 
Such compounds are then hydrous hydroxides. Curve B is character¬ 
istic of materials which do not rehydrate reversibly and usually con¬ 
tain less water than necessary for a true hydroxide, e.g., AliOj HjO. 
Such compounds are then hydrous hydrates. Curve C indicates con¬ 
tinuous loss of water (p. 499) and the presence of no stoichiometric 


Colloid Chemistry. Vol. II. The Hydrous Oxides 
Qnd Hydroxides, Ch. I. John Wiley And Sons, New York (1935), 
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combination and is characteristic of materials which precipitate as 
oxides and trap water in the process, e.g., Fe 203 , CrjOa, TiOj. Such 
compounds are then hydrous oxides. Obviously, decision as to the 
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proper term for a particular material can be reached only after expcri 
mental study. Since the conditions of formation may alter the nature 

of the product, the situation is complex. 

Useful information on the characteristics of such materials can e 
obtained by poteiitiomelric studies in which pH changes arc folloucd 
as a system is titrated with hydroxyl or hydrogen ion deve oped 
in particular by Hritton.“ this teclmique permits studies of equiiib 

such as / \ 

M+" + «OH-^ M(OH),{s) 

yM+" 4- 2raOH' + (x - n)HiO M„0„ jHiO(s) 

*■11. T. S. Britton; Uy^rogrn loii*, 3rd Ed., Vol- H, Cl>- XXIII. Chop 
and Hall, London (1942). 
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in terms of the pH at which precipitation begins and the pH region 
in which precipitation occurs. In fact, Britton has suggested that 
the basicities of metal ions be measured by the precipitation pH values 
of their hydroxides or oxides. This leads to an arrangement like that 
given in Fig. 14-4. It is doubtful that strict comparisons among ions 
of a variety of charges and types are possible in this fashion, but among 
closely related ions, such as the tripositive lanthanide ions,”-*® they 
are permitted. 

Basic Salts. The term basic salt is normally applied to any com¬ 
pound which is intermediate in compo.sition between a normal salt 
and a metal oxide or hydroxide. As such, it is applied to oxy- and 
hydroxyhalides, to other salts containing 0“- or OH“ groups, and to 
materials such as the “basic” beryllium compounds, Be 40 (RC 02)8 
(p. 863).’^ Bassett,^* in a timely review, cites the following types of 
basic salts; 

1. Salts derived from poly acid bases in which only some of the 

or OH~ groups have reacted with acid and in which the remainder are 
covalently attached to the metal, e.g. UO 2 X 3 , [AI( 0 H)(H 20 )i]S 04 , 
len 2 Co(OH) 2 Co enijX*, and [Coi{HO) 3 Co(NHj)*l,]Br 6 . 

2. Basic salts with infinite three-dimensional lattices of the ionic 
type, e.g., LaOF, Cui( 0 H)P 04 , Zn 2 ( 0 H)As 04 , Cu 2 (OIl) 2 COj, 
Ca 5 ( 0 H)(P 04 ) 3 , and Al 2 (F, 0 H) 2 Si 04 , 

3. Basic salts with .layer lattices of the ionic type and without 
hydroxyl, e.g., FeOCl, FeO(OH), and BiOX. 

4. Basic salts with layer lattices of the ionic type and 
containing hydro.\yI, e.g., Mg(OH)CI, Cd(OH)Cl, ZnX 2 Zn(OH) 2 , 
ZnX2*4Zn(OH)2, Co 4 (OH) 6 S 04 , and Zn 4 ( 0 H) 2 (Si 207 )*Hi 0 . 

5. Basic salts containing complex silicate and aluminosili¬ 
cate anions, e.g., ( 0 H)jCa 2 Mgs(Si 40 u) 2 , [Al 2 ( 0 H) 4 Si 205 )]n, and 

K„[Al2(OH)2(Si,AlO,o)l„. 

6. Basic salts with discrete molecules, e.g., Be 40 (RC 02 ) 6 , where 
R = methyl, ethyl, propyl, etc. 

The constitutions of basic salts have been considered in detail by 
Hayek,« as well. It is apparent that such a variety of materials 
possesses too great a complexity of characteristics to warrant a more 
detailed treatment than this. The references listed should be con¬ 
sulted for other details. 

”T. Moeller and H. E. Kremere: J. Phy$. Chem., 48, 396 (1944). 

T. Moeller and H. E. Kremere: Chem. Revs., 87, 97 (1945). 

«* H. Bassett: Quart. Revs., 1, 246 (1947). 

«E. Hayek: Monatsk., 77, 58 (1946). 
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Hydrogen peroxide 

The structure of the hydrogen peroxide molecule has been the sub¬ 
ject of some controversy. X-ray measurements indicate the 0—0 
bond distance to be 1.46 + 0.03 A, essentially the same as the calcu¬ 
lated single bond 0—0 distance of 1.48 A. Although the exact posi¬ 
tions of the hydrogens are not known, it appears that one is associated 
with each oxygen at a bond angle of 101.5** and that the two lie at a 
106° angle to each other.** The structure may thus be diagramed as 



More recent studies are in agreement with this general picture, but 
indicate an 0—0 bond distance of 1.49 A, an H—0—0 bond angle 
of ca. 97°, and an angle between the planes contaiiung the hydrogen 

atoms of 94°.** 


Reports of the existence of an alternative form H 0 0 “ 

peratures be.ow -115'’C. have also appeared** 

(p. 400). The crystal arrangement IS tetragonal, with 

to the unit cell, which has the dimensions a = 4^06 A and c - ^ 
Individual molecules are held together by hydrog n bonds eac 
oxygen atom lying at 2.78 A from two oxygen atoms and at 2.9U 

from two other oxygen atoms.** „„ lin, .id which decom- 

Pure hydrogen peroxide is a pale blue, syrupy q , ,(-j ^oq 

poses explosively ^t its normal (760 mm.) 26 

Lt can be distilled at reduced pressures « feezes 

mm ). The liquid hasa specific gravity of 1.4694atO U^ ^ 

at -0.89°C. It is diamagnetic. Pure hydroge I« 

dielectric constant of 93,7, maLial. Both the 

material and to a maximum of 120 for the b&/<, m 

“A.F. WelU. Slruclural!iiorjianicClumtitry,iadEd..pp- 

R. L, Collin and W^N. Up..™b: .4da Crvd., A 

*» K. H. Gcib and P. Harteck: Ber., 65B, 1551 (193 ). 





Ch, 14 


Hydrogen Peroxide 


505 


pure compound and its aqueous solutions arc, therefore, excellent 
electrolytic solvents (p. 339). The liquid is more highly a.ssoc,ated 

than water. ... * 

Chemically, pure hydrogen peroxide is characterized by extreme 

instability. As a consequence, chemical characteristics as usually 
evaluated are for the somewhat more stable aqueous solutions. Such 
solutions are comparatively stable up to concentrations of some 90% 
(by weight) in the absence of catalyzing impurities/* such as metals 
or metal or hydroxyl ions, or in the presence of stabilizers such as acids, 
acetanilid, pyrophosphates, stannates, or 8-quinolinol.‘“ Decomposi¬ 
tion to water and oxygen may be described by the relations 


Ha02(g) ^ HsOfg) + ^Oj(g) 

= 23 kcal. = -30 kcal. 

In aqueous solution, hydrogen peroxide is more strongly acidic than 
water, for the equilibrium 


HiOj H+ + HOr 


being 1.5 X 10-‘* at 20®C. In 50% aqueous solution, however, the 
ion product is much larger (ca. 10"’). Hydrogen peroxide shows many 
properties comparable with those of water, e.g., solvate formation, 
addition to compounds, etc., but its chemistry is complicated by its 
greater oxidizing and reducing strengths, its ability to add to ethylenic 
linkages, and its catalytic effect upon certain organic polymerizations. 

The oxidizing and reducing properties of hydrogen peroxide are 
described by the couples 


2 H 2 O ^ HjO, + 2H+ + 2c- = -1.77 volts 

HjOa 2H+ + 2e- El„ = -0.68 volt 


in acidic solution and 


30H- HOj- + HjO + 2c- = -0.87 volt 

in alkaline solution. It is apparent that, regardless of pH, hydrogen 
peroxide is a powerful oxidizing agent but that it can behave as a 
reducing agent only toward materials which are themselves very strong 

“ J. S. Reichert; Chem. Eng. News, 21, 480 (1943). 

” E. S. Shanley and F. P. Greenspan: Ind. Eng. Chem., 39, 1536 (1947). 

** M. E. Bretschger and E. S. Shanley: Trans. Electrochem. Soc., 92, 67 (1947). 
** W. C. Schumb: Ind. Eng. Chsm., 41, 992 (1949). 

»« Ihid. 
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oxidizing agents (e.g., MnOr). In acidic solution, oxidations with 
hydrogen peroxide are often slow, but in alkaline solution they occur 
with great rapidity. The instability of hydrogen peroxide with respect 
to decomposition to water and oxygen is due to its ability simul¬ 
taneously to oxidize and to reduce itself. This reaction occurs most 
readily in alkaline medium. It should be pointed out that there is 
some evidence for the e.xistence of the free hydroxyl group.** This 
material is also strongly oxidizing 

HjO ^ OH H'*’ + — —2.2 volts 

OH“ ^ OH -f e” = —1.4 volts 

but likewise possesses reducing properties 

OH ^ iOi + H+ + c- = -0.22 volt 

OH 4- OH- ^ iOj + HjO -f e- = 0.61 volt 

Recent interest in high-concentration (ca. 90%) hydrogen peroxide 
has centered in its use as both a technical and a military oxidizing 
agent. In combination with certain organic materials, it yields highly 
explosive mixtures. At concentrations above 65%, danger of fire on 
contact with many organic materials exists, but this hazard disappears 
below concentrations of 35%. 

Although hydrogen peroxide results from thermal reaction of hydro¬ 
gen with oxygen on appropriate surfaces (ice, porcelain) or by action 
of a glow discharge on water vapor, large-scale production is dependent 
upon either the action of acids on metal peroxides or the hydrolysis 
of peroxysulfates. Of these two methods, the former, based upon the 
formation of barium peroxide by reaction of barium oxide with atmos¬ 
pheric oxygen and its treatment with sulfuric acid, has been largely 
superseded by the latter. Anodic oxidation of sulfuric acid or amm^ 
nium hydrogen sulfate solutions is used to produce peroxydisul unc 
acid (p. 512) or its ammonium salt, which is then hydrolyzed to y ro- 
gen peroxide by steam distUlation. Alternatively, ammomum peroxy- 
disulfate is converted by metathesis with potassium hydrogen su a 
to the potassium salt before hydrolysis. Hydrogen peroxi e so 
obtained in 30 to 40% aqueous solution is concentrated by vacuum 
distillation. Formerly, concentrations around 30% were the maxi¬ 
mum available. In 1934, high-concentration hydrogen peroxide w 

« W. H. Rodebuah, C. R. Keiier, F. 8. McKee, and J. V. QuagUano. J. Am, 
Chem. Soe., C», 538 (1947). 
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produced in Germany, and after 1939 German production of 80 to 
85% material far exceeded that of the rest of the world.”- ” Although 
German efforts were shrouded in secrecy, technical production in the 
United States reached a high level during the war years and has been 
maintained. German interest in the material was so great that direct 
production from hydrogen and oxygen by use of the silent electric 
discharge and production by reduction of 2-ethylanthraquinonc by 
hydrogen to 2-ethylhydroanthraquinone followed by oxidation to the 
initial material and hydrogen peroxide were attempted. 

Deuterium peroxide, D 2 O 2 , is obtained by reaction of potassium 
peroxydisulfate with deuterium oxide and is separated from the 
deuterium oxide by distillation.” Reaction of deuterium peroxide 
with hydrogen peroxide yields the mixed peroxide, HDO^. 

For further information on hydrogen peroxide, the excellent mono¬ 
graph by Machu®* and a review by Shanley®* are recommended. 

Derivatives of hydrogen peroxide 

Hydrogen peroxide may be regarded as the parent of a series of 
compounds derived by replacement of or substitution for one or both 
of its hydrogen atoms. Much of the detailed literature information 
concerning these compounds has been summarized by Machu®® and 
discussed by Emel^us and Anderson.®^ Two classes of such com¬ 
pounds warrant discussion, namely, the peroxides and the peroxy 
acids and their salts. The peroxyhydrates are treated also. 

The Peroxides. Replacement of a single hydrogen atom in the 
hydrogen peroxide molecule by a metal gives a hydroperoxide (e.g., 
NaOOH); replacement of both hydrogens yields a peroxide {e.g., 
NajOj). Both types of compounds are characterized, therefore, by 
—0—0— groups. Only such compounds should be called peroxides. 
The name dioxide should be restricted to those derivatives of tetra- 
positive metals containing two oxygen atoms (e.g., MnOt, PbOj). 
Unlike the true peroxides, which liberate hydrogen peroxide when 
treated with acids, the dioxides either yield salts plus water or oxidize 
the acids. Unfortunately, this distinction has been made consistently 
only in comparatively recent literature. 

** Anon.: Chem. Eng. New$, 23, 1516 (1945). 

‘*L. M. White: Chem. Eng. Naos, 23, 1626 (1945). 

F. Fehdr: Ber., 72B, 1789 (1939). 

** Machu: Das Wasserstoffperoxyd und die Ptrverbindungen, Verlag von J. 
Springer, Wien (1937). 

“ E. S. Shanlcy: J. Chem. Education, 28, 260 (1951). 

H. J. Emcluus and J. S. Anderson, Modem Aspects of Inorganic Chemistry, 
pp. 338-361. D. Van Nostrand Co., New York (1938). 
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True peroxides should correspond in formula to M 2 O 2 , where M is a 
monopositive cation. Such compounds are known only for ammonium 
and the elements in Periodic Groups I and II, with the exception of 
beryllium and gold. Peroxide formation appears to be determined 
by the size and general electropositive nature of the metal in question. 
This is exemplified by the fact that although calcium, strontium, and 
barium yield peroxides, with ease of formation increasing in this order, 


TABLE 14-5 

Typical Peroxides and Related Compounds 


Peroxides 

Superoxides 

Peroxide-Suporoxides 

Peroxy Acids and Salts* ** 

H,0, 

XaOj 

K,0, 

H,S0, 

Li jOj 

KO, 

Rb,0, 

H,S,0, 


RbO, 

CsiOj 

MiCrjOn-xHjO 

K 70 , 

CsOt 


M »Cr70u 

.\g70,(7) 

CaO, 


MiMoOi 

RbjO, 

Sr04 


M.UO« 

Csj07 

BaO« 


M,UO. 

(NHJjO, 



M.UtO.i 

MgOi-rHjO 



HNO 4 

CaOi 



H,POi 

SrOi 



M«P»0, 

BaOi 



H,VO» 

ZnOi 



M.NbO, 

CdO, 



M ,TaO, 

HgO, 



M,C04 

X r 


M,Gci07-4Hi0 

MjGeO* 

M*Sdi07-3Hi0 

H,TiO« 


• M = nnipositivc metal ion. 

magnesium forms only an impure hydrated peroxide and beryllium 
forms no peroxide. Comparison of peroxides derived o'" 
of the la and Ila families with those from members of the Ib and 
families shows increases in thermal instability and difficulty o 
tion paralleling decreases in electropositive characters o ic 

Known peroxides are summarized in Table l4 o. 

Closely related to the true peroxides are compounds of ho alka 

and alkaline earth metals containing the group 0, " ’ 

They are called superoxvirs. Host known of ""‘'■o xhe par i- 

compound, which for many years was formulated as K, 
magnetism of this compound, ''o«Y,o^^oorr..s,n,n, s to tl^^^^ 
one unpaired electron and suggests KOi as a Dette 

** E. \V. Kcumnn; J. Chem. Fhys., 3, 31 (l‘J34). 
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The crystal structure of the compound is comparable with that of 
calcium carbide and demonstrates clearly the presence of 0* ions. 
The paramagnetism of mixtures containing calcium superoxide is also 
in agreement with the presence of Or groups.'^ as are data on the 
recently prepared sodium superoxide.*' Crystal structure determina¬ 
tions on the latter compound show it to be derived from a sodium 
chloride structure by substitution of Or ions for Cl“ ions, the 0—0 
distance being 1.33 ± 0.06 A.” The nature of the Or ion has been 

considered already (p. 212). 

Superoxide formation occurs most readily with the largest and most 
electropositive metals (e.g., K, Rb, Cs, Ca, Sr. Ba). Indeed, with the 
heavy alkali metals, superoxides form more readily than peroxides. 
Coupled with the observed fact that with lithium the normal oxide 
forms most readily, this suggests that increasing cation size is essential 
to promote crystal stability by permitting inclusion of the larger Oj"^ 
and Or ions. That sodium can also form a superoxide has been shown 
by studies on oxygen absorption by the metal in liquid ammonia and 
by sodium peroxide under pressure.•'■**• ** 

Compounds of the type M,0| have also been reported to result when 
liquid ammonia solutions of potassium, rubidium, and cesium absorb 
oxygen or when superoxides undergo thermal decomposition.®* These 
compounds may be regarded as mixed peroxides-superoxides, probably 
of composition 2M02-M202.®® The general relations existing among 
all these peroxidic compounds for the alkali and alkaline earth metals 
have been reviewed by Schechter and Kleinberg.®^ Some of the 
physical properties of the alkali metal superoxides are summarized in 
Table 14-6. 

Chemically, the peroxy materials are characterized by their oxidizing 
properties, by their tendencies to yield oxygen when heated, and by 

** W. Kassatochkin and W. Kotov: J. Chem. Phya., 4, 458 (1936). 

*» P. Ehrlich: Z. anorg. Chem., 262, 370 (1944). 

•* S. E. Stephanou, W. H. Schechter, W. J. Argersinger, Jr., and J. Kleinberg: 
J. Am. Chem. Soe., 71, 1819 (1949). 

•• D. H. Templeton and C. H. Daubeii: J. Aw. CAem. Soc., 72, 2251 (1950). 

•* W. H. Schechter, H. H. Sisler, and J. Kleinberg: J. Am. Chem. Soe., 70, 267 
(1948). 

** W. H. Schechter, J. K. Thompson, and J. Kleinberg; J. Aw. CAem. Soc., 71, 
1816 (1949). 

** W. Machu: Daa Waaserstoffperoxyd und die Perverbindungen, pp. 216-217. 
Verlag von J. Springer, Wien (1937). 

“A. Helms and W. Hemm: Z. anorg. allgem. Chem., 241, 97 (1939); 242, 201 
(1939), 

" W. H. Schechter and J. Kleinberg: J. Chem. Education, 24, 302 (1947). 
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their hydrolysis in water or aqueous acids. Peroxides yield hydrogen 
peroxide by hydrolysis. Superoxides yield hydrogen peroxide and 
o.xygen. 


TABLE 14 6 

Physical Constants for Supbroxides 



NaO, 

KO, 

RbO, 

CsO, 

Color of solid (cold) 

yellow 

yellow 

yellow 

yellow 

Crystalline form 

cubic 


plates 

needles 

Melting point, '’C. 


380 

412 

432 

Density, grani.s'cc. (calc.) 

2.21 

2,14* 

3.07* 

3.80* 

Heat of formation, kcal./mole 

Magnetic moment, Bohr magnetons at 


133.74 

137.6 

141.46 

20'’C. 

Lattice constants, .A 

2.07 

1.84 

1.89 

1.89 

a 

5.49 

5.71* 

6.01* 

6.29* 

c 


6.76* 

7.04* 

7.28* 


• As recalculated from data of Helms and Klemm** by Templeton and Dauben.** 

The following general methods of preparation, together with specific 
examples, can be distinguished: 

1 . Direct reaction of metal or metal oxide with oxygen. The alkali 
metals yield as combustion products LijO, NaiOj, KOj, RbO*, and 
CsOa. The alkaline earth metals give CaO, SrO, and BaOj(RaOj?). 
With strontium, some peroxide results, but the yield is small even 
under high pressures. Strontium amalgam, however, is converted 
by oxygen at 60 atm. pressure to the peroxide. The action of ozonized 
oxygen on silver is said to yield the peroxide, although there is some 
evidence that the product is 5ilver(II) oxide. The absorption of 
oxygen by barium oxide and its subsequent desorption at lower pres¬ 
sures is the basis for the Brin process for the technical preparation of 
oxygen from the atmosphere. Preparation of sodium superoxide has 

been discussed already (p. 509). 

2. Direct reaction of metal dissolved in liquid ammonia with oxyge^ 
Alkali and alkaline earth metal peroxides and superoxides are obtained 
in this manner. With a metal such as potassium, controlled owdation 
may be made to yield successively the compounds KiO:, KjOj, an 
KOa Reaction of the alkaline earth metals with oxygen to give 
peroxides appears to be fairly easy to effect under these conditions, 
although, as expected, the yield of the calcium compound is low^ 

3. Thermal decomposition of metal superoxides. Compounds o 

the type are formed by thermal decomposition of alkali me 

superoxides. 
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4. Reactions involving hydrogen peroxide. Hydrated peroxides arc 
often precipitated by reaction of hydrogen peroxide with metal salt 
solutions, particularly in the presence of hydroxyl ion. Examples are 
the compounds NaiOj'SHjO, MgOi’xHsO, (Sr, BalOj'SHjO. Prepa¬ 
ration of the compounds NH 4 OJH and by reaction of hydro¬ 

gen peroxide with ethereal solutions of ammonia, of the compound 
HgOj by reaction of hydrogen peroxide with alcoholic solutions of 
mercury(II) chloride or on mercury or mcrcury(II) oxide, of the 
compound ZnOj (ca. 8r>7o purity) by reaction of ethereal hydrogen 
peroxide with zinc ethyl or zinc amide, etc., may be cited as typical. 
Hydrogen peroxide oxidation of peroxides yields superoxides with the 
alkaline earth elements. 

A number of the transition metals, especially those of the titanium, 
vanadium, and chromium families, yield peroxy compounds which 
appear to contain normal oxide and hydroxide groups as well and are 
in effect transition materials between the true peroxides and the peroxy 
acids (p. 514). Thus salts of the Group IVa elements yield with 
ammonia and hydrogen peroxide precipitates which arc believed®* to 
possess structures of the types 

HO OOH 0 



HO OH 0 

Other examples are cited in Table 14-5. 

The Peroxy Acids and Their Salts. Although these compounds were 
characterized as per compounds in the older literature, they are more 
properly called peroxy compounds because of the presence of —0—O— 
groups.*® The term per is then restricted to materials in which high 
state of oxidation is shown by the central element, e.g., perchlorate 
(ClOr), permanganate (Mn 04 “), perrhenate (Re 04 “), but in which 
no peroxy linkages are present. 

The structure of hydrogen peroxide (p. 504) would indicate the 
existence of two types of peroxy acids, namely, the peroxy mono acids 
containing the group —0—0—H and the peroxy di acids containing the 
group —0—0—. Definite structural information has been obtained 

••R. Schwarz and H. Giese: Z. annrg. allgcm. Chem., 176, 209 (1928). 

** W. P. Jorlssen, H. Bassett, A. Damiens, F. Fichtcr, and H. R6my: J. Am. 
Chem. Soc.. 68, 889 (1941). 
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only for the peroxydisulfate ion in its ammonium and cesium com¬ 
pounds.’® In this ion, two SO 4 tetrahedra are joined through two 
oxygen atoms, the S—0 and 0—0 bond distances being 1.50 A and 
1.31 A, respectively, and the S—0—0 angle being 128°. In the light 
of these data, the commonly written structures for the peroxysulfuric 
acids appear correct. They are 


• • • • 


: 0 : 

: 0 : 

; 0 : 

H : 0 ; S : 0 : 0 : H 

• • • • • • 

H : 0 : S : 0 

: 0 : S ; 0 : H 

: 0 : 

: 0 : 

A 

; 0 : 


peroxymoooaulfuric ACid peroxydiaulfuric acid 

(Caro's acid) 


In the absence of other data, structures of other peroxy acids may be 
considered to be analogous. Elements forming peroxy acids or salts 
are summarized by periodic families in the following tabulation; 


IVa 

Va 

Via 

Illb 

IVb 

Vb 

VIb 




B 

C 

N 







P 

S 

Ti 

V 

Cr 


Ge 


(Se) 

Zr 

Nb 

Mo 


Sn 




Ta 

W 







(U) 






Typical examples are cited in Table 14*5. 

Only a few of the peroxy acids have been isolated m the pure form. 
As such, they are unstable and often explosive compounds. They are 
better known in either aqueous or non-aqueous solutmn. In con ac 
with water at ordinary temperatures, all peroxy acids un "K® ® 
hydrolysis, yielding ultimately the normal oxy acids and hya-:®*®" 
lloje. ' Peroxy "diacids yield peroxy monoacids as 
Hydrolysis is more rapid at elevated temperatures. ^ comm^^ 

method of enhancing stability involves but 

medium. The peroxy salts are more resistant to hyd^®'y-; 

except for the peroxydisulfates and j peroxydi- 

diffiinilt to preserve. Crystalline peroxydisul ajs and 

phosphates (e g., of the alkali metals, ‘^’^['.’.rpowerful 

U:for.'u::t:roX oxidation potential 

rr;^ - “■ ■» 
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2S0r' ^ SjOr* + 2e- £598 = -2.05 volts 

2 H 2 C 03 ^ CiOe-= + 4H+ + 2e- < -1.7 volts 

Peroxydisulfate is a commonly used oxidizing agent. It will effect 
many important conversions, e.g., Mn+"—* MnOr, ('e'*''—* 0+*, Imt 
such reactions are slow at ordinary temperatures unless catalyzed l)y 
the silver(I) ion. According to Yost,” the catalytic efTect of the silver 
ion is due to the rate-controlling step 

SjOs-® + Ag+ - 2 SO 4 - = + Ag+> 

the silver(III) ion then acting as the oxidant. Unlike hydrogen 
peroxide, the peroxy acids do not show reducing characteristics and 
thus do not decolorize permanganate. 

The following general methods of preparation, given with specific 
examples, have been employed: 

1. Anodic oxidation. Early observations that during electrolysis of 
concentrated sulfuric acid solutions somewhat less than the theoretical 
quantity of oxygen was obtained at the anode are interpreted in terms 
of the anode process 

2HS0r — SiOs"* + 2H+ -h 2c- 

This procedure is employed for the preparation of water solutions of 
the peroxy acid or, if ammonium or potassium hydrogen sulfates are 
used, for the preparation of the corresponding salts. It is the basis 
for the technical procedure for making hydrogen peroxide (p. 506). 
High current density, low temperature (5® to 10®C.), concentrated 
solutions, and the presence of fluoride are essential to high efficiency. 

In a similar fashion, electrolysis of potassium hydrogen carbonate 
solutions (at —10® to —15®C.) yields potassium peroxydicarbonatc, 
KjCjOb, and electrolysis of potassium hydrogen phosphate solutions 
containing potassium fluoride yields potassium peroxydiphosphate, 
KbPjOs. 

2. Reactions involving hydrogen -peroxide. Hydrogen peroxide may be 
used to prepare peroxy acids in the same ways that water is employed 
to prepare ordinary oxy acids. Thus by reactions analogous to 
hydrolysis, chlorosulfonic acid is converted by anhydrous hydrogen 
peroxide to either peroxymonosulfuric acid 

HSOiCl + HsO,— H^Os + HCl 

” D. M. Yost: J. Am. Chem, Soc., 48, 152 (1026). 
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or to peroxyclisulfuric acid 

2 HSO 3 CI + H,SjOb + 2 HC1 

depending \ipon the quantities of materials employed. By reactions 
analogous to hydration reactions, phosphorus(V) and nitrogen(V) 
oxides are converted, respectively, to peroxymonophosphoric acid and 
to peroxynitric acid 

P40,o + 4H202 + 2H:0-* 4H,PO» 

NsOi + H,02 HNO, + HNO 4 


Reactions of hydrogen peroxide with certain oxy salts are somewhat 
different in character and seem to amount to replacement in part of 
covalently bonded oxygens by peroxy groups. Thus treatment of alkali 
metal metagermanates and metastannates with hydrogen peroxide 
yields corresponding peroxygermanates and stannates, MtGei 07 - 4 Hj 0 
and MiSnaOTSHjO. Solutions of alkali metal niobatesand tantalates, 
when so treated, give peroxy salts, MjNbOs and MjTaOi. Wit 
alkali metal molybdates and tungstates, peroxy salts, MjMoO. and 
MiWOs, are formed. Uranate solutions yield hydrated salts of Ue 
types M 4 UO 8 , MsUOe, and MsUiOu, depending upon the 
of free alkali present. Uranyl salts, on the other hand, give a hydrated 


peroxide, UO4 2H2O. ,, ,. 

Acidified dichromate solutions yield with hydrogen Peroxide a blue 

peroxide, CrO., or blue peroxy salts of the 

Alkaline chromate solutions at low temperatures yield 

of the type M.Cr,0.,. If such solutions are warmed in the presence 

of ammonia, a peroxytriammine, CrO.-SNH., results. 

3. Reaction, involring .odium peroxide or ^ropc^- Sod «m 

peroxide reacts with one or two moles of 

respectWely -f- is “sed, 

result Sodium peroxymonocarbonate is also obumed by 
of sodium peroxide with phosgene 

2Na:0, + COCU - Na,CO. + 2NaCl + 40, 

Roric acid reacts with sodium hydroperoxide to yield a peroxyborale. 


"'taction, involving fluorine. Alkali metal 
■It from reaction of fluorine with corresponding 


2NaiC0i + F,-» NaiCjOi + 2NaF 
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Perchloric acid solutions when treated with fluorine possess many of 
the properties of peroxy acid solutions and may contain the very 
unstable acid, HClOs. 

The Peroxyhydrates. These are compounds containing hydrogen 
peroxide of crystallization and are strictly analogous to the ordinary 
hydrates. Again the literature is somewhat confused, many com¬ 
pounds which are apparently peroxyhydrates being referred to as 
peroxy salts. Inasmuch as peroxyhydrates contain comparatively 
loosely bound hydrogen peroxide, they show the reactions of that 
substance and are thus distinguishable from the true peroxy salts. 
A true peroxy salt yields hydrogen peroxide slowly by hydrolysis and 
immediately oxidizes iodide quantitatively to iodine. A true peroxy- 
hydrate yields hydrogen peroxide immediately when in contact with 
water and docs not immediately oxidize iodide. 

Peroxyhydrates have been mentioned in conjunction with peroxy- 
carbonates. Alkali metal metasilicates when dissolved in aqueous 
hydrogen peroxide are converted into peroxyhydrates, e.g., NajSiOj* 
HjOj'HjO, but not into peroxy salts. Similarly, treatment of borax 
with hydrogen peroxide or electrolysis of borate-carbonate solutions, 
as in the preparation of technical sodium “perborate,” gives a peroxy- 
hydrate, NaBOj-HjOa-SHjO, rather than a peroxyborate. 

SOME SPECIAL PHASES OF SULFUR CHEMISTRY 

The hydrogen, halogen, oxygen, and nitrogen compounds of sulfur 
are considered as special phases of sulfur chemistry. Where feasible, 
comparisons with comparable selenium and tellurium materials are 
included also. 

Sulfur-hydrogen compounds and their derivatives 

Hydrogen Sulfide. Like oxygen, sulfur forms more than a single 
binary compound with hydrogen. The simple hydride, HjS or hydro¬ 
gen sulfide, is the best known of these. As indicated in Table 14-4, 
hydrogen sulfide resembles the corresponding selenium and tellurium 
compounds much more closely in physical properties than it does 
water. The same resemblance is noted in chemical properties and can 
probably be traced to the size and electronegativity trends mentioned 
at the beginning of this chapter. Hydrogen sulfide is a weak acid 
(P^'a/ = 7.04, pfc*/ = 14.92), and both its soluble normal and acid 
salts are, therefore, strongly hydrolyzed. Acid strength in the 
hydrides increases of course as the size of the sulfur family element 
increases (p. 318). Hydrogen sulfide is a reducing agent as indicated 
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by the couple 

H:S 


S + 2H+ + 2 e- 


= -0.141 volt 


Ejji = 0.508 volt 


in acid solution and the couple 

S-2 - S 4- 2e- 

in alkaline solution. Although oxidation commonly yields sulfur as 
indicated by these couples, strong oxidizing agents may give sulfur(IV) 
or sulfur(VI) compounds. Reducing strength increases parallel to 
acid strength with the hydrides of elements in this family (Table 14-4). 
Many sulfides are water insoluble and are of use in qualitative and 
quantitative separation schemes. 

Hydrogen sulfide is normally obtained by hydrolysis of sulfides, a 
procedure which follows from both the volatility of the product and 
the strongly basic character of the sulfide ion. Alkali and alkaline 
earth metal sulfides, aluminum sulfide, etc., are hydrolyzed by water 
alone. With more difficultly soluble sulfides stronger protonic acids 
(e.g., hydrochloric acid) are required. Comparable reactions may be 
employed for hydrogen selenide and hydrogen telluride. Direct com¬ 
bination of the elements is slow at ordinary temperatures but becomes 
more rapid at elevated temperatures. The process is reversible, how¬ 
ever, and not suitable for preparative purposes. _ 

Hydrogen Persulfide and Polysulfides. In aqueous solutions^ alkali 

metal sulfides dissolve sulfur due to the formation of polysulfide ions, 
Sx-* (P. ol 8 ). Addition of such an aqueous solution to conccntrutcu 
hydrochloric acid at - 15®C. yields a water-insoluble yellow oil whir » 
can be fractionally distilled under reduced pressure to 
H 1 S 2 and and smaller quantities of higher homologs, H: . t 

up to at least O).’-’* Elcetrolytic proeedures 
8 ulfur(IV) yield mixtures of still higher homologs, Hr . ^ 

HA or HA” Treatment of pure ammonium pentasulfide aith 

anhydrous formic acid gives 11285 .” „nnlnpv with 

The compound H 2 S 2 is called hydrogen persulfide (by ana ^ 

T*K. H. Butler and O. .Maass. ./. -y". 45 roi (I92.'i). 

o J. H. Walton and E. I- Wliitford:./. ^ 254 251 ,28'KI9-*7>; 

.. V. I-Vh^rand M. BmulUT:X.anorg.Chan..26Z, 170 (I947J, 

268, 132 (1949). .. „„ ., 047 ) 
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Physical Constants tor Hydrogen Peroxide, Hydrogen Persulfide, and the Hydrogen Polysulfides 
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X 
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CO 
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1 

c ^ 
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1 

1 

CO 

«« 

X 
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o 

0 

>» C 

•V ClQ 

3 

cc 

» 

m 

xfi 

•« 

O 

^ « 40 

%o 

5 n ^ 

c 

6 10(0 

^ o o 

s s « - 

1 

" i 
^ 1 

X 

-89.6 

70.7 (760 mm.) 

1.8 

8.54 

24.9 

1.3339 (20*C.) 

1.17 (25*C.) 

38.1 (70.7®C.) 

1 

2.06 

o 

X 

-0.89 ; 

1 

1 

151.4 (760 mm.) 

1 

2.1 (25*C.) ! 

2.5 

11.61 

27.4 

1.442 (20*C.) 

2.1 

93.7 (0*C.) 
1.4139 (22*C.) 

75.94 (18.2*C.) 
1.272 (19.6*C.) 

0.579 (0-18*C.) 

0.88 

1.47 

Property 

Melting point, *C. 

Boiling point, *’C. 
Vftpor pressure, mm. 

Hg 

Heat of fusion, kcal./ 
mole 

Heat of vaporizntioii, 
keal./mole 
Trouton’s constant 
Density, grams/ml. 
Dipole moment, e.s.u. 
X 10'» 

Dielectric constant 
Refractive index 
Surface tension, dynes 
/cm. 

Viscosity, centipoises 
SpeciBc heat of liquid, 
cal./gram 

Magnetic suscepti¬ 
bility, c.g.s. units X 
10* 

X~X distance, A | 
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peroxide being inchided for purposes of rigid comparisons between the 
persulfide and the peroxide. The S—S bond distance of 2.05 A in 
H 2 S 2 is in good agreement with the 2.08 A expected for a single S—S 

bond, indicating the structure to be H : S : S : H, comparable with 

that of hydrogen peroxide. It is not unlikely, therefore, that the higher 

•» • • • • 

members of the series have structures of the type H : S : (S),_* : S : H 


As expected, hydrogen persulfide is much less ionic than the peroxide 
and Is a poorer solvent for ionic materials. It is an excellent physical 
solvent for a number of covalent compounds and particularly for 
sulfur. Hydrogen persulfide and the hydrogen polysulfides are all 
decomposed to hydrogen sulfide and sulfur at elevated temperatures 
and in the presence of bases. Disproportionation may also occur as 
.shown by llie ecjuation 

2H2S,-* HjSi + HjSj 

Certain of these compounds form addition compounds with strychnine 

and brucine and with a few.ketones and aldehydes. 

The hydrogen compounds just described may be regarded as parent 
rompounds of fioth inorganic and organic polysulfides. Alkali metal 
polysulfides re.sult not only from reaction between sulfide ion an 
sulfur in aqueous solution but also from comparable reactions in 
liquid ammonia and reaction of liquid ammonia solutions of aJkW 
metals with sulfur. Compounds of the type M,S. (x - 2, 3, 4 a, 1 
have been isolated. In liquid ammonia, these compounds K]™ highly 
l olored solutions. Many comparable selenium and 
pounds can be obtained by analogous reactions. In a 
compounds may be regarded as examples of polyamonic agg g 
of the type exemplified by the polystannides and polyplumbides (pp. 

732-733). 

Sulfur-halogen compounds 

The halogen compounds of sulfur embrace "^ese 

oxyhalides, and the halogen-containing oxy 

classes may be considered separately. T e ' ^ j by Miller 

pounds containing sulfur and fluorine have been summarised y 

“t:;": suif.r. Reported sulfur b^d. 

of their more important physical constants, 

n H. C. Miller nnd J. F. Gall: M. E»,. Chem.. 43 , 2223 (1950). 
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14-8. The absence of sulfur-iodine compounds is noteworthy. Per¬ 
haps the outstanding chemical characteristic of these halides is their 
tendency to hydrolyze in contact with water. This reaction is char¬ 
acteristic of all the halides except the fluorides SFe and SjFio and 
results in the hydrogen halide and either an oxy acid of sulfur or the 
free element. 

Of the halides, the most unusual is undoubtedly the he.xafluoride, 
SFe. This compound is insoluble in water and is chemically inert 
below red heat to free halogens, oxygen, hydrogen, ammonia, silicon, 
carbon, boron, magnesium, and copper, and even to fused potassium 
hydroxide or hot copper(II) oxide.It is converted to sulfur and 
hydrogen fluoride by hydrogen sulfide and to sodium sulfide and 
fluoride by boiling sodium. Its high-voltage insulation property 
renders it extremely useful. In it, the fluorine atoms are arranged 
octahedrally around the sulfur atom, and the bonding is highly cova¬ 
lent in character. In this compound and in the closely comparable 
compound expansion of the normal tetracovalence of sulfur 

has taken place (p. 177). Selenium and tellurium form hexafluorides 
with comparable properties and structures, although reactivity 
increa.ses with increasing size of the non-halogcn. 

Of the chlorides, the compounds SiClj and SOW are perhaps best 
characterized. Both are of importance in the technical production 
of rubber. Sulfur mouochloride, SzClj, is an excellent solvent for 
sulfur, iodine, certain metal halides, and many organic compounds. 
It is reduced to sulfides and chlorides by metals and undergoes thermal 
decomposition above 300^C. to sulfur and chlorine. Electron diffrac¬ 
tion studies show the S-X’b molecule to have the arrangement 



with Cl- S and S-.S l.ond distances of 1.99 A and 2.0.'-. 

and a CI^S-S angle of 103°. It has not been determined «hethe 

there is free rotation about the .S-S liond and, therefore, "‘'"‘her «« 
and tram forms e.xist.*‘ Tl.e sulfur dicldoride molecule has a tnangu- 

W. C. Scliuml. and E. L. Gamble: J. .Im. Chrvu Soc., 62, «02 (1030). 

W. C. Schan.b: Ind. Eng. Chan., 39. 421 (1947). 

.0 K. G. Dc.bigh and R. Whytlnw-Gray: J. Chan Sor., 1934 . U4C. 

>i K. ,1. raltiH-r: ./. .Am. Chan. Snc.. 60, 2;tfi0 (1938). 
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lar structure with an S~C1 bond distance of 1.99 A and a Cl—S—Cl 
angle of 101®. Selenium forms a comparable monochloride, but tel¬ 
lurium does not. Both selenium and tellurium give dichlorides, and 
each forms a tetrachloride similar to the sulfur compound. Mono- 
bromides are known for sulfur and selenium. Di- and tetrabromides 
are more characteristic of selenium and tellurium, fetrahaiides of 
selenium and tellurium (except the flourides) decompose thermally to 
dihalides and free halogen. 

The sulfur halides are commonly prepared by direct combination of 
the elements. With fluorine, the hexafluoride” is the primary product, 
the lower fluorides (especially the decafiuoride) forming in smaller 
quantities. A convenient laboratory preparation of the hexafluoride 
involves direct reaction of the elements in such fashion that a current 
of fluorine circulates continuously over the sulfur.** Pyrolysis at 
400*C. converts the decafluoride to tetra- and hexafluorides; the former, 
together with any lower fluorides, is removed by scnibbing witli water 
and dilute sodium hydroxide solution. Drying then gives the pure 
hexafluoride. With chlorine and bromine, the monohalidcs are the 
primary products. Continued reaction with chlorine forms, reversibly, 
the dichloride and possibly the compound SjCU. Iodine gives no 
reaction. Reactions with selenium are closely comparable except that 
the tetrachloride and bromide form with excess halogen, and selenium 
mono- and tetraiodides form in solution in carbon tetrachloride or 
ethylenedibromide. The fluorides SjFt, SFj, and SF 4 , as well as 
SejFj, SeF^, TeFj, and TeF 4 , result from action of hydrogen fluoride 
on oxides or cobalt(III) fluoride on the free elements. 

Oxyhalides of Sulfur. The oxyhalides of sulfur are of three types, 
namely, SOXi [thionyl or sulfur(IV) oxyhalidesl, SOiXi [sulfuryl or 
8 ulfur(VI) oxyhalides], and SjO^Xj (pyrosulfuryl halides). Sele¬ 
nium gives oxyhalides, SeOXj (X = F, Cl, Br), comparable to the 
thionyl compounds, but tellurium does not. Known compounds and 
some of their physical constants are summarized in Table 14'9. 
Except for the fluorides, all these compounds are volatile liquids at 
ordinary temperatures. They are non-conductors and give many 
evidences of covalent bonding. The thionyl halides and selenium 
oxychloride have triangular pyramid molecular structures of the 
type®*' ®* 

“D. M. Yost: Inorganic Synthtsu, Vol. I, p, 121. McGraw-Hill Book Co 
New York (1939). 

•• W. C. Schumb: /norjamcSynlfccna, Vol. Ill, p, 119. McGraw-Hill Book Co 
New York (1950). ' 

** D. P. Stevenson and R. A. Cooley: J. Am. Chem. Soc., 62, 2477 (1940). 
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and differ from each other only in the bond distances and angles as 
shown in Table 14-9. The sulfuryl halides are derived from sulfur tri- 
oxide (p. 528) by replacing one oxygen atom by two halogens. Thus 
the sulfuryl chloride molecule has a tetrahedral structure with the 
sulfur at the center, available bond data again appearing in Table 14.9. 
No structural data are available on pyrosulfurylchloride, the only 
known example of this class of compound. 

The thionyl halides hydrolyze to sulfurous acid and hydrogen halide. 
The analogous selenium compounds react similarly, the fluorides in 
both cases being hydrolyzed moat rapidly. Thionyl chloride is of 
particular use in organic chemistry for replacing OH groups with Cl. 
It is also useful in preparing numerous anhydrous inorganic chlorides 
from the hydrates.*^ The acidic properties of thionyl halides in liquid 
sulfur diox-ide and the solvent properties of selenium oxychloride have 
been covered in earlier chapters (pp. 324-325, 363-365). Sulfuryl 
fluoride is comparatively inert and undergoes hydrolysis only in warm 
alkali solutions (ca. 0.5 N). Fluosulfonate (p. 524) and fluoride are 
the primary products, the former undergoing further hydrolysis to sul¬ 
fate and fluoride. Sulfuryl chloride hydrolyzes readily to sulfuric 
and hydrochloric acids. With ammonia, both sulfuryl fluoride and 
chloride yield sulfamide, SOs(NH»)i (p. 553). Sulfuryl chloride 
undergoes thermal decomposition to sulfur dioxide and chlorine above 
280®C., especially in the presence of catalysts. Pyrosulfuryl chloride 
combines rather slowly with water to form chlorosulfonic acid (p. 524), 
but it is converted readily to sulfate and chloride by aqueous alkali. 
Its vapors undergo no thermal decomposition below at least 184®C. 
Many metals, among them gold and platinum, react with it to form 
chlorides. 

Thionyl fluoride is best obtmned by fluorination of liquid thionyl 
chloride with liquid arsenic(III) fluoride at slightly elevated tempera¬ 
tures. The product is separated from sulfur dioxide and the mixed 
thionyl halide, SOCIF, by low temperature fractional distillation. 
Thionyl chloride is usually prepared by reacting sulfur dioxide with 
pho8phorus(V) chloride and is separated from phosphorus(V) oxy- 

*• H. Hecht: Z, ajwrg. Chem., 2S4, 37 (1947). 
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chloride, the other product, by fractional distillation. Other more 
convenient processes, such as reaction of sulfur(VI) oxide with sulfur 
monochloride 

SO, + SiCU^ SOCI: 4- S + SO, 


have been proposed. Thionyl bromide is obtained by treating thionyl 
chloride with dry hydrogen bromide at 0®C. and distilling.*® 

Sulfuryl fluoride is prepared by thermal decomposition of dry 
barium fluosulfonate, the other product being non-volatile barium 
sulfate. The mixed chlorofluoride, SO,GIF, results when sulfuryl 
chloride is fiuorinated with antimony(III) fluoride in the presence of 
antimony(^*) chloride (Swartz reaction) and under pressure.*’ Sul¬ 
furyl chloride is most readily obtained by direct reaction of chlorine 
with sulfur dioxide in the presence of either camphor or activated 
charcoal.** As shown above, the reaction is readily reversed. Treat¬ 
ment of solid sulfur monochloride or carbon tetrachloride with sulfur 


trioxide or of chlorosulfonic acid with phosphorus(V) oxide gives 
pyrosulfuryl chloride. The reaction between carbon tetrachloride and 
sulfur trioxide is a convenient one for laboratory preparations.** 

Halogen-Containing Oxy Acids. Only two such acids, fluosulfonic 
acid, HSO 3 F, and chlorosulfonic acid, HSOjCl, are known. The 
comparable selenium-chlorine acid, HSeOjCl, has been described also. 
Fluosulfonic acid is a colorless liquid boiling at 162.6“C. The vapor 
undergoes no decomposition up to at least 900®C. It does not attack 
either glass or many metals at ordinary temperatures. In water, it 
undergoes slow hydrolysis to sulfuric and hydrofluoric acids (p. 523), 
but the reaction is reversible (p. 525). Chlorosulfonic acid is a color¬ 
less liquid (sp. gr. 1.753 at 20®C.) which boils with decomposition at 
152°, fumes in moist air, and reacts vigorously with water to form 
sulfuric and hydrochloric acids. Use of chlorosulfonic acid in forming 
screening smokes is dependent upon its hydrolysis. Unlike fluosulfonic 
acid, chlorosulfonic acid is thermally decomposed in the vapor state, 
giving products such as chlorine, water vapor, and sulfur dioxide. 
Even at 170° to 180°C. decomposition is appreciable. Chlorosulfonic 
acid is a useful sulfonating agent toward many organic compoun s 
The halosulfonic acids and the suUuryl halides are both acid halides 

“ H. Hibbert and J. C. Pullman: Inorganic Vol. I, P- 113- M'Graw 


Hill Book Co., New York (1939). 

H. S. Booth and C. V. Herrmann: J. Am. Ch^. . ,4^ McCraw- 

»»H R AlIenandR. N. Max8on:/norj7an»cSyn/A«««, Vol. I, p. 114. 


Hill Book Co., New York (1939). 

•* M. Sveda: Inorganic Si/nclhfse$. Vol. IH, P- i*'* 


McGraw-Hill Book Co., 


New York (1950). 
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(p. 426) of sulfuric acid and are related to that acid in terms of the 
following scheme: 



H:0:S:0:H 


• ♦ 



H : O : S 





: X : S 




Bulfuric ftcid baloaulfonie acid auUuryl halide 

Fluosulfonic acid is prepared either by direct action of concentrated 
hydrofluoric acid on sulfur trioxide, by distillation from a mixture of 
calcium fluoride and fuming sulfuric acid (60% SO 3 ) in an iron retort, 
or by reaction of potassium hydrogen fluoride with fuming sulfuric 
acid at low temperatures and subsequent distillation. Chlorosulfonic 
acid is prepared by direct reaction of dry hydrogen chloride with 
sulfur trioxide or fuming sulfuric acid or by reaction of a number of 
covalent chlorides (e.g., PCI 3 , PCU, CCU) with fuming sulfuric acid. 
It is recovered by distillation. Fluosulfonates result when metal 
fluorides are added to fuming sulfuric acid or sulfur trioxide. The 
ammonium salt is readily obtained and is oiten used for the prepara¬ 
tion of other fluosulfonates. Most fluosulfonates are stable to hydroly¬ 
sis and are water soluble. Chlorosulfonates are more difficult to pre¬ 
pare and preserve because of ready hydrolysis. The sodium salt is 
obtained when chlorosulfonic acid reacts with dry sodium chloride, 
the other product being hydrogen chloride. 

Oxides of sulfur 

Some six oxides of sulfur have been characterized. They have the 
stoichiometric formulas SO, S 1 O 3 , SOi, SO 3 , S 1 O 7 , and S 03 . The 
monoxide and tetroxide have been known for only a short time; the 
others have been known for much longer. Only the dioxide and tri¬ 
oxide are of importance. 

Sulfur Monoxide (SO). Although emission bands in the 2500 to 
3900 A region from discharge tubes containing sulfur dioxide were 
ascribed to sulfur monoxide by Henri and Wolff,®® it remained for 
Schenk and his coworker Cordes®’*®* to isolate and study the com¬ 
pound. Passage of an electric discharge through a mixture of excess 
sulfur vapor and sulfur dioxide at low pressures gave a gaseous product 

V. Henri and F. Wolff: J. j>hy$. radium, 10, 81 (1929). 

»* P. W. Schenk: Z. anorg. allgem. Chem., 211, 150 (1933). 

•* H. (Dordes and P. W. ^henk: Z. anorg. allgem. Chem., 214, 33 (1933). 
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from which an orange-red deposit, probably of the polymeric oxide, 
could be condensed at liquid air temperatures. Sulfur monoxide also 
is formed when sulfur is burned in air at 250® to 300®C. and at low 
pressures,** when thionyl chloride reacts with metals such as tin, 
sodium, or antimony or with tin(II) chloride,** and when thionyl 
chloride is decomposed thermally at 900®C. or thionyl bromide at 
520®C.*'^ In all cases, the characteristic absorption spectrum of the 
compound can be used for its detection. 

The properties of sulfur monoxide have not been well characterized. 
The material is normally gaseous and in this state is probably dimeric. 
It is soluble in thionyl chloride. It is stable only at reduced pressures 
and decomposes to sulfur and sulfur dioxide at pressures above 40 mm. 
of mercury. That these products are formed in 1:1 mole ratio indi¬ 
cates the simple composition to be SO,** but the general properties of 
the material suggest that it is a long-chain polymer 


: 0 : : 0 : 

•• •• •• •• 

:S:S:S:S:S:, etc. 

: 0 . : 0 : : 0 : 


With aqueous potassium hydroxide, sulfur monoxide gives a solution 
containing sulfide, sulfite, and dithionite,*' a reaction indicating that 
the compound is not the anhydride of sulfoxylic acid (p. 533). With 
water, it gives sulfur, hydrogen sulfide, and sulfur dioxide; with oxygen, 
it yields sulfur dioxide. Metals yield sulfides,** and chlorine and 
bromine form the corresponding thionyl halides.®* 

It must be pointed out that much of the information on su fur mon¬ 
oxide is based upon observed absorption bands. Cordes believes 
these bands to be due to active sulfur molecules, a contention opposed 
by Schenk**-'** on the grounds that they appear only when oxygen 
is present. Whether sulfur monoxide does exist or not must e 

decided by further studies. 


•* P. W. Schenk: Z. anorg. allg^m. Chem.. 220, ^68 <1934)- 
» p W. Schenk and H. Platr. Z. arwrg. allgem. Chevi.. 216 113 (1933b 

» P. W. Srhenk and H. Triebel: Z. anorg. allgcm. Chem., 229. 305 ( ■ )■ 

»F.^^.Schcnk:Z.anorg.allgem^Chem.,m^S5{mn 

« P. W. Schenk and H. Platz: Z. anorg. allgem.. Chem. 222 77 ( 

•• H. Cordea and P. W. Schenk: Trans. Faraday Soc., 80, 31 (1934;. 

*» H. Ckjrdcs: Z. Phyrik. 106, 251 (1937). 

»»» P. W. Schenk: Z. Physik, 106, 271 (1937). 
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Sulfur Sesquioxide (S,0,). This is a blue-green solid oxide which is 
stable below 15°C. but is decomposed at 40° to 80 C. into sulfur an 
sulfur trioxide (20%) and into sulfur monoxide and sulfur dioxide 
(807) With water, it forms free sulfur plus sulfuric, sulfurous, 
and various thionic acids (p. 543). It is not the anhydride of dithi- 
onous acid, H,S,0, (p. 535). Sulfur sesquioxide is formed by action 
of sulfur on liquid sulfur trioxide and remains when the excess of the 

latter is removed. 

Sulfur Dioxide (SO,)- Sulfur dioxide lor suUur(IV) oxide] is a 
colorless gas which is readily condensed to a liquid. Its physical 
constants have been summarized in Chapter 10 (Table 10-3). Char¬ 
acteristics of the liquid as a solvent have also been considered in earlier 
chapters (Ch. 9, 10). The sulfur dioxide molecule is angular, the 
0—S—0 angle being 129®.** The S—0 bond distance of 1.46 A indi¬ 
cates some double bond character, and the structure probably involves 
resonance forms such as 




O: S. 



• 9 

and *• 0 


• • 
• • 



Selenium dioxide has a chain structure in the solid state. 

Chemically, sulfur dioxide acts both as an oxidizing agent (e.g., 
toward hydrogen sulfide) and as a reducing agent (e.g., toward oxygen). 
The reducing properties are the more important, particularly those 
involving aqueous solutions of sulfur dioxide. They are considered 
characteristic of sulfurous acid solutions (p. 537). At low tempera¬ 
tures, sulfur dioxide forms a number of solvates (p. 363), particularly 
with metal iodides and thiocyanates. 

Sulfur dioxide is most commonly obtained by burning sulfur in air 
or oxygen. Some 3.6% of sulfur trioxide also results under these con¬ 
ditions. Oxidation of sulfides in the roasting of sulfidic minerals 
accounts for large quantities of sulfur dioxide, much of which is not 
recovered. Reduction of concentrated sulfuric acid solutions at ele¬ 
vated temperatures by metals such as copper gives relatively pure sul¬ 
fur dioxide, as does treatment of sulfites or hydrogen sulfites with 
strong acids. Sulfur dioxide is available in quantity in the liquid form. 
Its industrial applications and potential applications have expanded 
tremendously. 

Selenium dioxide resembles sulfur dioxide in its water solubility 

Wohler and 0. W^witz: Z. anorg. allgem. Ckeni., 31S, 129 il933). 
i” H. F. Johnstone: Jnd. Eng. Chertu, S4, 1017 (1942). 
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and acidic properties, but the tellurium compound is insoluble and 
more basic in character. Both are better oxidizing agents than sulfur 
dioxide. 

Sulfur Trioxide (SOj). The physical characteristics of sulfur tri¬ 
oxide (sulfur(VI) oxide] merit special attention. In the vapor state, 
the material is monomeric, each molecule having a planar, equilateral 
triangle ( 120 °; arrangement with the sulfur atom at the center and 
S—0 bond lengths of 1.43 Although such a structure could be 
formulated most readily with but a single pair of electrons between 
each oxygen atom and the sulfur atom, the measured bond distance is 
less than the single bond distance (see sulfur dioxide), and resonance 
structures involving double bonds seem reasonable. In the liquid 
state a slowly established equilibrium involving monomers and trimers 
apparently exists, the percentage of the monomer increasing with 
increasing temperature. 

In the solid state three apparently distinct modifications exist. 
They are described, in order of increasing complexity, as: 

1. Gamma ( 7 ), an ice-like solid in which the molecular group is 
trimeric and arranged as 

0 , 

s 

\ 

0 0 

! 

OjS SOj 

\ / 

0 

2. Beta (j5), an asbestos-like solid in which individual SO 3 groups 
are linked to each other in long chains as 



: 0 : 

: 0 : 

: 0 : 

AS ^ ^ 

: 0 : 

• « « « 

• * • • 

S : 0 

• • * • 

; S : 0 

:S:0 

A * * ♦ 

:S :0 

• • ♦ • 

• • • • 

: 0 : 

• • • * 

: 0 : 

^ w 

: 0 : 

: 0 : 


3 . .-KpAa (a), an aabestoa-like solid, like the beta form in structure 
except that the chains are joined in a layer arrangemen . 

Physical constants characterizing these modifications are sum- 
marized in Table 14T0.* 

. The designations employed here arc thoae most commonly . 
authors reverse Ihr 7 or desijfriRhons. 
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TABLE 1410 

Physical Constants for Sulfur Trioxidk 


PpoiKtrty 

Liquid 

Alpha Form 

Beta Form 

Gamma Form 

Equilibrium melting point, 


62.3 

32.5 

16 8 

Heftt of fuflion, koAl./moIo 


6.2 (62.3*C.) 

2.9 (32.5^C.) 

18 (10 8^r.) 

He«i of sublimation, kc&l./ 




11.9 (16 

mole 


16.3 {62-3®C.) 

13.0 (32.5*C.} 

M«*t of VAporisation. kcftl./ 




10 g (16 8^C.) 

molo 

10.2 

IQ.l (02.3*C.) 

10 1 {32,5®C.) 

Vapor preesurc, com. Hg at 





0*C. 


5.8 

32 

45 



73 

344 

433 

50^C. 


650 

950 

950 

76*C. 

Heat of formation keal./molo 
Density, granis/ml. 

Surface tension, dynea/cm. 
Dielectric constnot 

Boiling point, 

Trouten's constant 

1.9(M 

34 17 (lO^C.) 
3 64 (I0*a) 

44.5 

32.1 

3000 

3000 

105.2 

3000 

106 


Vapor pressure relations among the forms of sulfur trioxide are sum¬ 
marized in Figure 14-5.Although these data suggest smooth 
transitions among the three forms, this is not exactly the case, for a 
number of non-equilibrium solids of varying properties can be obtained, 
depending upon the mode of preparation, previous treatment, and 
moisture content.*®* Thus vapor pressures change continuously on 
vaporization of the solids, and melting points may spread over con¬ 
siderable temperature ranges. The alpha, beta, and gamma modifica¬ 
tions of sulfur trioxide cannot be regarded as true allotropic forms. 
Both gamma and beta forms are metastable with respect to the highly 
polymerized alpha form. Conversion to the alpha form is catalyzed 
by moisture. Sulfur, tellurium, carbon tetrachloride, and phos- 
phorus(V) oxychloride all inhibit this polymerization. Preservation 
of the gamma and beta forms is difficult except in the presence of such 
inhibitors. However, stabilized sulfur trioxides corresponding roughly 
to the three forms have been made available technically under the 
name “Sulfans.”*®^ 


Gamma sulfur trioxide is obtained when highly dried sulfur trioxide 
is vaporized at room temperatures and the vapors condensed at — 80®C. 
If the same process is carried out using ordinary sulfur trioxide (some 
water present), the condensed solid is a mixture of the gamma and 


«»A. Smita and P. Schoenmaker: J. Ckem. Soc., 125, 2554 (1925); 1926, 1108, 
See Svlfaiu, trade publication of General Chemical Co., New York. 
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F.O. 14 5. V.por prc»uro relation, for modlBcntion. of .ultur(VI) oxide. 

beta forms. Distillation then removes Jjfl'porrre 

form. The alpha form is obtained when sulfur triox P 

condensed at liquid air temperatures. 

Chemically, all three forms enter into ^ ‘„a the 

reactions, but the gamcna form is "°'™"^y;;^^'"“;Xulfuric acid 

alpha form the least. The and difficult 

or solutions thereof is highly exothermic ( 21.3 kca ./m ) 

to control. Technically, concentrated sulfunc acid (ca. 98%J 
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monly employed as a solvent for sulfur trioxide. The system HjO-SOa 
has been studied extensively and is characterized by a number of 
hydrates of sulfuric acid. A phase diagram*®* covering the region 
0 to 93.7% SOi is shown in Figure 14-6. Congruent melting points 
are obtained for the following materials; H,S 04 ' 4 Hj 0 (—28.36“C.); 
H^04-2Hj0 (-39.51X.): H,S04 Hj0 (8.56®C.): H 1 SO 4 (10.37X.); 
and HjSiOt (35.15“C.). The compounds H,S 04 - 6 Hj 0 and HjS 04 - 
3H|0 melt incongruently and are transformed into the 4-hydrate at 
—53.73®C. and —36.5C®C., respectively. 

Sulfur trioxide is a strong acid (p. 327) and readily converts basic 
oxides to sulfates. It is also an oxidizing agent, giving free halogens 
(except fluorine) with many metal and non-metal halides. Reactions 
with organic compounds yield either carbon or sulfonic acids as ulti¬ 
mate products. 

Sulfur trioxide is prepared most commonly by oxidation of sulfur 
dioxide with molecular oxygen in the presence of a catalyst (contact 
process). Such catalysts as platinum, nickel or cobalt sulfate, and 
vanadium, tungsten, chromium, molybdenum, and iron oxides are 
effective. The reaction is exothermic, but the reactants do not com¬ 
bine with measurable velocity at room temperatures. At tempera¬ 
tures where the uncatalyzed reaction velocity becomes appreciable, 
the yield of product is small. Optimum temperatures of 490® to 
666®C. are used technically to permit reasonable yields. Other less 
important methods of preparation involve dry distillation of certain 
metal sulfates (notably the iron(III) compound] or pyrosulfates, reac¬ 
tion of sulfur dioxide with ozone at room temperature, and reaction 
of sulfur dioxide with nitric oxide(NO) under pressure or with nitrogen 
dioxide(NOi) at elevated temperatures. The last reaction yields 
other products besides sulfur trioxide. 

The chemistry of sulfur trioxide is becoming increasingly impor¬ 
tant.'®* Selenium and tellurium trioxides are less important. The 
selenium compound reacts readily with water to give selenic acid, 
but the tellurium compound reacts only with hot, concentrated alkali. 
Indirect methods of preparation are employed. 

Sulfur HepU}xide (SiOt). This compound has been only very 
poorly characterized. Berthelot‘®» described it as a liquid freezing 
at around 0®C., decomposing at room temperature to sulfur trioxide 
and ox^en, and reacting in part with water to give peroxydUulfuric 
acid. The material was obtained by passing either the dioxide or 


In h n' Maron: Am, Chem. Soc., 72.1445 (1960). 

r, ?; ^ M, 115 (1942). » v voo;. 

M. Berthelot: Compt. rend., 8«. 277. 281 (1878); 90, 269, 331 (1880), 
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Fia. 14-6. Pb&M reUtioas in the systom SOi-HiO. 
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trioxide mixed with excess oxygen through an electric discharge. 
Later work has shown, however, that Berthelot’s crystalline product 
contained excess sulfur trioxide, suggesting that it was an equimolar 
combination of the tri- and tetroxides.*” Repetition of Berthelot’s 
work by Maisin'®* has given a product of composition SjOu- The 
entire problem is in need of re-examination. 

Sulfur Teiroxide (SO 4 ). Sulfur tetroxide is a white solid which 
melts (with decomposition) at to an oily liquid. Cryoscopic 
determinations in sulfuric acid as a solvent show its molecular weight 
to be 90 to 95, in agreement with the 96 required by the monomeric 
formula S 04 .‘^® The material is a strong oxidizing agent, converting 
manganeseCII) to manganese(VII), aniline to nitrobenzene, iodide to 
iodine, etc., and forming sulfate as reduction product. It dissolves 
wth reaction in water but apparently does not give peroxymonosul- 
furic acid as a product. 

Pure sulfur tetroxide was prepared by passing a mixture of dry 
sulfur dioxide and oxygen (lSOj:10O2) at 0.5 mm. of mercury pres¬ 
sure through a glow discharge.**® When the product was condensed 
in a Uquid air trap, solid tetroxide separated. The product was freed 
of ozone and sulfur dioxide by passage of oxygen at —30*C. and 
analyzed by precipitation of barium sulfate and oxidation of iodide. 


The oxy acids of sulfur 


Of the oxides discussed in the preceding section, only the dioxide and 
the trioxide may be regarded as definite acid anhydrides. The same 
is true of selenium and tellurium. However, a number of oxy acids 
of sulfur other than those based upon these oxides are known either 
in the free condition, in solution, or as salts. The summary in Table 
1411 includes the most important of these.* For selenium and tel¬ 
lurium, only the simple acids based upon the anhydrides are known, 
although a number of poly acids (pp. 273-276) containing tellurium 
have been described. Certain of the oxy acids of sulfur merit further 

discussion. The peroxy acids have been discussed in an earlier section 
of this chapter (pp. 512-514). 

Sulfoxylic Acid (H>SOi). This acid is known only in the form of its 
salts, specificaUy its sodium, zinc, and cobalt(II) salts, although exist- 


*®* F. Meyer, G. Bailleul, and G. Henkel: Ber., 68, 2923 (1922). 

J. Maisin: Bull. wc. chim. Belg., 87, 326 (1928). 

R. Schwar* and H. Achenbach: Z. anorg. allgem. Chem., 219, 271 (1934). 

subsenuenl dise,.*.io„s are 

recommended by the International Union of Chemistry.** 
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TABLE 1411 

OxY Acids or Sulpub 



AppArent 
OiidaticQ 
Suu of 
Sulfur 


Probable 

Strueturo 


Prep4r»tion 


H»SO: 


tulfoxyUo add 


HsBfOi diibioDous »cid (hypoiul 
furouo, bydrosulfuroui) 


B : 0 : 8 : O : H 


: 0 : 


H : 0 : 6 : 8 : 0 : H 


: 0 : 


mIU 


ftcid, i4lU 


HtSOi 


HiSiOi 


B»BO« 


HtSiOt 


BftSiOi 


BftSOi 


BuUuroui 40 id 


pyroeulfurcui scid 


sulfurlo 


pyroBulfurlc Mid 


ibiooulfuric Mid 


HfSiOi perozydifuUurie Mid 


HtStOi thlonle »ddi 
(1 • 2-«) 


: 0 : 


H : O : S : O : H 


+e(-«) 


perotymonoiulfuric Mid (+d) 


(+«) 


: O: : 0 : 

•• •• •• 

H :0 :S : B :0:H 

•« 4* 44 4* 

: 0 : 


H : 0 : 8 


H : O : 8 


H : O : S 


H : 0 : 0 


O : H 


O : S 


O : H 


O : H 


: O : 


ftcid. mIU 


uitt 


tcid. Mlta 


Acid. a4lt4 


•klta 


ftcid. mIU 


Acid. wlO 


H:0:8:0:0:S:0:H 


: 0 : 


: O : 


: 0 s 


: 0 : 


nita 


H : O : 8 : (8).-i : 8 : O : H 


: O : 


: 0 : 
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cnce of the sodium salt is (lucstionable."' Vogel and Partington'** 
claimed to have obtained the sodium salt by reacting sulfur ses<iuioxidc 
(p. 527) with sodium ethoxide, allowing the mixture to stand, and 
precipitating with dilute sulfuric acid. The product Was thermally 
stable, although strongly reducing, and insolulile in alcohol. The 
zinc salt was believed to have been obtained by the reaction of zinc 
dust with sulfuryl chloride (p. 523) in ether solution."* Data on the 
cobalt(n) salt are more definite. It is obtained in solution by treat¬ 
ing sodium dithionite solution with cobaltfU) acetate and adding 
atiueous ammonia as 

CoS ,04 + 2NH, + H,0 — CoSOj + (NH 4 )iS 03 

and is precipitated as a brown product by saturating with carbon 
dioxide.*" Organic sulfones, RjSO,, may be regarded as formal 
derivatives of sulfoxylic acid. 

Ditkionous Acid (H 3 S 2 O 4 ). Dithionous (hyposulfurous) acid may 
be prepared in aqueous solution by reducing sulfurous acid solutions 
with amalgamated zinc, but such solutions decompose rapidly according 
to the e(]uatiun 

2S20r* + HjO SjO,-* + 2HSOr 

or, if acid is added, to sulfurous acid and sulfur. The acid is strong, 
however, the first hydrogen being lost completely and the ionization 
constant (^a') for the second hydrogen being 3.5 X 10"* (25®C.). 
Cryoscopic measurements show the dithionite ion to be SaO^*.*** 
Klemm’s observation*** that the sodium salt is diamagnetic is in 
accord with the formulation as opposed to SO 2 ". Raman data 

indicate the presence of a single bond sulfur to sulfur link in the 
dithionite ion.**^ Solutions of the acid are strongly reducing in 
character. 

Dithionites are stable as dry solids and decompose much more slowiy 
in aqueous solution than the acid. However, in the presence of acids, 
decomposition is rapid. Jellinek’s experiments*'® suggest this decom¬ 
position to be a second-order process. Dithionites are powerful reduc- 

“* H. Bassett and R. G. Durant: /. Chem. Soc., 1927, 1401. 

»* I. Vogel and J. R. Partington: J. Chem. Soe., 127, 1514 (1025). 

E. Fromm and J. deS. Palma: Ber., S9, 3317 (1906). 

**« R. Scholder and G. Denk: Z. anorg. allgenu Chem., 222, 17 (1935). 

**» K. JcUinek: Z. anorg. Chem., 70, 93 (1911). 

*»L. Klemm: Z. anorg. allgem. Chem., 281, 136 (1937). 

A. Simon and H. Kftchler; Z. anorg. Chem., 260, 161 (1949). 

“• K. JelHnck and E. Jellinek: Z. phyeik. Chem., 98, 325 (1919). 
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ing agents as indicated by the couples 

HSiOr + 2II2O ^ 2H2SO3 + H+ + 2 c- = 0.23 volt 

S1O4-® + 40 H“ ^ 2SO3-* + 2H2O + 2 e- = 1.4 volts 


Oxidants such as silver(I), iodine, iodate, permanganate, copper(II), 
hydrogen peroxide, nitrous acid, and molecular oxygen, are all reduced 
as are a variety of organic dyes. To effect such reductions, sodium 
dithionite is ordinarily employed. This salt is the most important 
of the dithionites. 

Sodium dithionite is prepared by reducing sodium hydrogen sulfite 
solution with zinc dust and separated by removing excess sulfite by 
precipitation with calcium hydroxide and precipitating as the 2-hydrate 
with a soluble sodium salt, all operations being conducted in the 
absence of oxygen."* The anhydrous salt is obtained by either 
vacuum dehydration at 60® to 70®C. or alcohol dehydration. Reac¬ 
tion of sodium amalgam with sulfur dioxide"* or electrolytic reduction 
of sodium sulfite"* may be employed also. 

Sulfurous Acid (HjSOa). Sulfur dioxide dissolves readily in water 
(ca. 10% by weight at 20®C. and 760 ram. of mercury), giving solutions 
of sulfurous acid. Such solutions contain largely hydrogen sulfite 
(HSOj-) ions, together with smaller concentrations of sulfite (SOi ) 
ions, the successive dissociation constants of the acid at 25 C. being 
pfc*/ = 1.77 and pt*/ = 7.20. The acid is unknown in the free 
state, although a hydrate, S02-7H,0, can be crystallized from con¬ 
centrated sulfurous acid solutions at low temperatures. The sulhte 
ion, however, has a pyramidal structure like the chlorate ion, as shown 
by x-ray data obtained for the sodium salt."* Resonance forms seem 
probable. The existence of organic sulfites and isomenc sulfonates as 
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suggests the existence of corresponding isomeric 
acid and possibly its inorganic salts. No cases 


forms of sulfurous 
of such isomerism 


have been found. charac- 

Sulfurous acid solutions, like sulfur dioxide (p. 5 ), ^ 

terized by their reducing properties. The same is true of solutions 


»'»L. Rougeot: Compt rend., 222, 1497 (1940). *7 IMS n93l). 

>*“ \V. H. Zachariascn and H. E. Buckley: Phya. He , 
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soluble sulfites and hydrogen sulfites. Reactions with molecular 
oxygen have been studied extensively, especially as regards conditions 
necessary for quantitative conversion to sulfuric acid or 
Iron(n) and arsenite ions favor such oxidation, whereas it is inhibited 
by phenol, glycerol, mannitol, tindD ion, etc. Oxidation often yields 
dithionate (p. 535) as well as sulfate. Sulfurous acid solutions are 
also oxidizing in character (pp. 527, 535) but require strong reducing 
agents (e.g., iodide, hydrogen sulfide, zinc) for their reduction. The 
oxidation-reduction characteristics of the acid and its salts are sum¬ 
marized by the couples 

H,SO, + H,0 SOr* + 4H+ + 2e- = -0.20 volt 

H 2 SO, + H,0 ^ H,SO, + 2H+ + 2e- = > -0.4 

S^Or* + 3HjO ^ 2 H 1 SO 3 + 2H+ + 4c- = -0.40 

S + 3HiO H 3 SO, + 4H+ + 4c- « -0.45 

in acidic solution and 

H 2 SO 1 + 40H- ^ SO 4 -* + SHjO + 2c- = 0.90 volt 

S,0,- + 60H- 2SO,-* + 3HiO + 4e- = 0.58 

in alkaline solution, together with those considered under dithionous 
acid (p. 536). Sulfurous acid is both a weaker oxidizing agent and a 
stronger reducing agent than its selenium and tellurium analogs. 

Both normal and hydrogen sulfites are well characterized. Of the 
former, only the alkali metal compounds are water soluble. Insoluble 
normal sulfites are often solubilized by sulfur dioxide treatment due to 
hydrogen sulfite ion formation. Because of the basic character of the 
sulfite ion, salts with acidic cations (e.g., aluminum, chromium(IIl)] 
undergo ready hydrolysis In aqueous solution. Sulfite ion is an excel¬ 
lent coordinating anion (Ch. 7). Addition of acids to normal sulfites 
gives, successively, hydrogen sulfite ion and sulfur dioxide (p. 527). 
Sulfites and hydrogen sulfites of the alkali metals are commonly pre¬ 
pared by treating the corresponding carbonates or hydroxides with 
sulfur dioxide in appropriate proportions. 

Pyrosulfuroxis Acid (HjSjOt). Free pyrosulfurous acid is not known 
but treating alkali metal sulfite or hydrogen sulfite solutions with 
sulfur dioxide**^ or heating solid alkali metal hydrogen sulfites gives 
the corresponding pyrosulfites. They do not bear quite the same rela¬ 
tion to sulfites as pyrosulfates (p. 534) bear to sulfates because of the 

»« H. F. Johnstone: Inorganic Synthtna, Vol. II, p. 162. McGraw-Hill Book 
Co., New York (1946). 
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presence of S—S bonds. Thus Zachariasen*** finds the SjOs"* ion to 
have the arrangement 


:0 :S 



« • 




with S—S and S—0 bond distances of 2.18 A and 1.46 A, respectively. 

Sulfuric Acid {HjSO^). The general chemistries of sulfuric acid and 
its salts are so well known that no attempt will be made here to cover 
them in detail. The acid itself is commonly encountered in aqueous 
solutions of varying concentrations. It is a strong acid (pAx/ = some 
negative value), as is also its dissociation product, HS 04 “ (p^a/ = 1-70 
at 25®C.). As shown in Figure 14*6, a number of hydrates can be 
obtained. Treatment of the 98% acid with an appropriate quantity 
of sulfur trioxide (added as ‘^oieum,” HaSjOT) gives the pure com¬ 
pound H 2 SO 4 , a liquid freezing at 10.37®C.‘“ This freezing point 
is sufficiently sharp to be used as a criterion in judging when pure 
hydrogen sulfate is formed. In the pure compound, each sulfur is sur¬ 
rounded tetrahedrally by four oxygens, the hydrogen atoms serving to 
bond the various tetrahedra together. The S—0 bond distance of 
1,51 A, when compared with the radius sum of 1.78 A, suggests reso¬ 
nance involving such structures as 
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as being more probable than the simple octet arrangement (Table 
1411).*** Aqueous solutions of sulfuric acid lose water upon evapora- 
tion but at higher temperatures decomposition causes simultaneo^ 
evolution of sulfur trioxide. The acid boils at 317‘’C., where the 
composition amounts to 98.54% H.SO,. This composition a also 

approached if oleum (p. 541) U heated. „ 

sulfuric acid and the sulfate ion have been indicated by oxidation 


»» W. H. Zachftriasen: Phya. Rev., 40, 113, 923 (1932). 

»« L. PauUng: The Nature of the Chemical Bond, 2nd Ed., pp 

Cornell University Press, Ithaca (1940). 
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potential data (p. 537) as has its conversion to peroxy derivatives (p. 
513). The solvent properties of sulfuric acid have been described also 
(p. 361). The acid is produced technically by the familiar contact 

and chamber processes. , . j 

Normal sulfates characterize most of the metal ions, and hydrogen 

sulfates are obtainable in the solid state with ammonium and the 
alkali metals and in solution with many other cations. Sulfates are 
commonly water soluble (except the lead and alkaline earth metal 
compounds) and often crystallize as hydrates. In such hydrates, at 
least a portion of the water appears to be bonded to the sulfate ion 
(p. 499). Double sulfates are common, these compounds normally 
being stable as such only in the crystalline state and not coming under 
strict classification as coordination compounds although coordination 
by sulfate ion, usually as a monodentate group, may occur (Ch. 7). 
Two series deserve especial mention, namely, the alums (type formula 
M‘M‘"(S 04 )jT 2 Hi 0 ) and the schbnites (MSM'TSO^la-OHjO). 

The alums (p. 499) are a series of commonly isomorphous compounds 
in which a number of unipositive and tripositive ions may appear and 
in which selenate (but not tellurate) may often replace sulfate. Exam¬ 
ples of the more common alums, together with the crystal radii of their 
constituent cations, are summarized in Table 14-12. It is immediately 
apparent that the comparatively large unipositive ions (radii > ca. 
l.(X)A) and the comparatively small tripositive ions (radii = ca. 
0.5-0.7 A) give the largest number of alums. It may be inferred 
logically, therefore, that such size factors are essential to crj'stal sta¬ 
bility among these compounds. This is supported by the fact that, 
although larger tripositive ions such as the lanthanide ions give many 
double sulfates (and selenates), these salts are not alums, and by the 
fact that sodium alums are most uncommon. With the even smaller 
lithium ion, doubt may be expressed as to the existence of alums even 
though evidence for the crystallization of a comparatively unstable 
phase, LiAl(SO02-12HiO, has been presented.'®*-In addition to 
the alums listed in Table 14-12, there are well-known compounds con¬ 
taining the organic groups RNHj-*-, RjNHj+, and RjNH+. Complete 
presence of sulfate (or selenate) is not absolutely essential since com¬ 
pounds such as KjBeF4 Ali(S04),-24Hi0 and K,ZnCl 4 Ali(S 04 )*- 
24HjO may be classified correctly os alums.'** 

Alums are encountered most commonly as octahedral crystals and 
are generally considered to be completely isomorphous with each other. 

J. F. Spencer and G. T. Oddie: Nature, Itt, 169 (1936). 

H. A. Horan and A. J. Duane; J. Am. Chem. Soc., 6S, 3633 (1941). 

“• W. R. C. Curjel; Nature, Itt, 206 (1939). 
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Neither of these criteria is absolutely rigid. Crystallization from 
alkaline medium gives cubic crystals in certain cases,and x-ray 
studies show the presence of three related but distinct crystal stiiic- 
tures, o, / 3 , and ^J**-*** These structures differ from each other in 
the distances between the unipositive ions and the sulfate ions and 
water molecules and consetiucntly in the ways in which these groups 
are arranged within the crystals. Large unipositive ions give d-aluins, 
small unipositive ions give 7-alums, and ions of intermediate sizes give 
a-alums. Thus chrome alums containing potassium or ammonium 
are of the a-type, whereas those containing rubidium, cesium, thal- 
lium(I), or mcthylammonium arc of the d-type. Solid solution forma¬ 
tion, usually believed to be characteristic of all alums, is limited by 
these crystal forms and thus by ionic sizes. 

The schbnites are comparable to the alums in many ways, .lust 
as the compound KAl(S04)j-12Hj0 is often called "alum ” and may be 
regarded as characteristic of the alums, the compound K2Mg(S()4)3- 
61120 is known as "schdnite" and is characteristic of thib scries. Uni¬ 
positive ions found among the alums are also characteristic of the 
schonites. Dipositive ions include Zn+*, Ni+^ Co"*^®, Fe"*"*, Cu"*"*, 

V+*, and The schonites form isomorphous monoclinic crystals. 

Like the alums, the schonites decompose on dissolution in water, giving 
solutions containing sulfate, unipositive, and dipositive metal ions. 

Selenic acid and the selenates are remarkably similar to sulfuric acid 
and the sulfates, except that they are stronger oxidizing agents. 
Telluric acid and the tellurates show not only enhanced oxidizing char¬ 
acter but many other differences as well, largely because telluric acid 
has the composition HeTeOe (compare periodic acid, p. 443 ). In 
this acid, tellurium is surrounded octahedrally by six OH groups.'*^ 
The acid is weak, and normally only two hydrogen atoms arc removed 
in salt formation. 


Pyrosulfuric Acid (HjSjOi). Pyrosulfuric acid results when pure 
sulfuric acid and sulfur trioxide combine in equimolar proportions. 
Actually, sulfur trioxide dissolves in sulfuric acid in all proport ion.s 
to give the so-called fuming sulfuric acids, or oleums, of commerce. 
Pyrosulfuric acid is the composition of maximum melting point 


C. R. von Hauer: J. prakt. Chetn., (1), 94, 241 (1805). 

!r. u G. Kmnce: J. Phys. Chem., 89, 425 (1985). 

iWA^VPhl^Af' (1935); Nature, 13B, 912 

(1935); Phxl. Mag. (vn), 19, 887 (1935). 

H. P. Klug: J. Am. Chexn. Soc., 62, 2992 (1940). 

Illf P* CAm. Soc., 62, 1492, 2993 (1940). 

‘”L. Paulmg; Z. 91, 367 (19.35). 
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{Figure 14*6). The acid itself loses sulfur trioxide, especially on heat* 
ing, and reacts vigorously with water. It is an excellent sulfonating 
agent. Heating solid alkali metal hydrogen sulfates causes them to 
lose water and be converted to pyrosulfates. Normal sulfates also 
combine directly with sulfur trioxide when heated in closed tubes, and 
crystallization of alkali metal sulfate or hydrogen sulfate solutions in 
concentrated sulfuric acid gives pyrosulfates. The alkali metal pyro¬ 
sulfates behave as excellent high-temperature acids (pp. 333-334). In 
water they hydrolyze to hydrogen .sulfates. Alkaline earth, mag¬ 
nesium, and silver salts are known, but information is lacking about 
the salts of other metals. Pyrosulfates are simple isopoly sulfates. 

Although detailed information is lacking, there are evidences of the 
existence of higher isopoly sulfates. The nitronium (pp. 609-611) 


tripoly salt, (NOalsSiOio, a solid melting at 150*C., has been isolated*” 
even though attempts to prepare other salts have apparently been 
fruitless. However, a number of the observed Raman frequencies for 
oleums may be associated with the tri- and tetrapoly acids, HjSiOio 
and H 2 S 40 i 8 , and perhaps with higher members of the series.*” 
Furthermore, cryoscopic data for oleum solutions of ammonium sulfate 
can be interpreted best if the formation of such species as HSiOio”, 
S 30 lo"^ HS*Oi 3 ~, and 84013 “^ is assumed.'” 

Thiosulfuric Acid (H 2 SjO,). Neither free thiosulfuric acid nor 
hydrogen thiosulfate salts can be prepared because of reactions between 
thiosulfate and hydrogen ions. The rates and natures of such reac¬ 
tions are dependent upon the concentration of protonic acid present. 
At proton concentrations in excess of ca. \Qr*M, the HSjOi ion 
apparently forms but undergoes immediate decomposition to sulfur 
and sulfurous acid (or sulfur dioxide). This reaction occurs roost 
rapidly at low proton concentrations. At the same time, but more 
slowly, some pentathionate (p. 544) is also formed. With concentra^ 
hydrochloric acid, even hydrogen sulfide and persulfide app^n y 
result. On the other hand, in neutral or alkaline media, the tbiosu - 
fate ion is perfectly stable. The best-known thiosulfates are thoM ol 
the alkali metals. These are readily soluble in water and are obUinea 
most commonly by direct reactions of the sulfites with sulfur in 

solution. Thiosulfates also result from controlled o.xidation of sulfi , 

spontaneous decomposition of dithionites, or reaction betwwn poiy- 

thionates and alkalies. Some of the heavy metM » 

water insoluble, although they are commonly soluble m solutions 

... D. R. Goddard, E. D. Hughes, and C. K. Ingold: J. Chem. Soc., 1»M. 2559. 

D- J. Milieu: J. Chem. Soc., 19M, 2589. 

R. J. Gilkspi^* J. Chem. Soc., 1950, 2516. 
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taining excess thiosulfate ion due to complex ion formation. A case 
in point is the silver salt, which is readily converted into ions such as 
[Ag(S20*)]- and [Ag(SiO,)i]"’- Certain heavy metal thiosulfates are 
readily converted to sulfides with formation of sulfate (and some 

trithionate) ion when warmed with water. 

The thiosulfate ion is a structural analog of the sulfate ion, a sulfur 
atom having replaced one oxygen atom in the sulfate (Table 14T1). 
Such a structure is compatible with observations that, when thiosulfate 
is prepared from sulfite and radioactive sulfur and then decomposed 
either to sulfur and sulfite (by acids) or to sulfide and sulfate (by 
decomposition of the silver salt), the radioactivity appears in either the 
free sulfur or the sulfide."*-If both sulfur atoms were equivalent 
in the thiosulfate, partition of the activity between the two products 
would be expected in both instances. The two sulfurs are linked 
covalently, but in a formal way the one replacing oxygen may be 
considered to be negative with respect to the other one. This view 
is in accord with observations that rapid exchange occurs between 
radioactive sulfide ion and half the sulfur in the thiosulfate ion."* 

As indicated by the couples on p. 537 and the couple 


2SiOr* S4O,-* + 2e~ £:Sm = “0-17 volt 


thiosulfate ion is a reducing agent of moderate strength. Conversion 
to tetrathionate by iodine is perhaps the best known reaction of the 
thiosulfate. Oxidation to sulfite is complicated by the inherent 
reducing power of the sulfite. Accordingly, sulfate is the common oxi¬ 
dation product when strong oxidizing agents are employed. 

The Thionic Acids (H}S,Oe, x — 2-6). The thionic acids are often 
classified as dithionic acid (x = 2) and polythionic acids (x > 2) 
because of the rather marked differences in properties which set 
dithionic acid apart from the others. As indicated in Table 14T1, 
the structures of these acids are assumed to involve sulfur atom chains. 
This assumption is based upon the appearance of such chains in 
dithionate"* and trithionate"* ions, as revealed by x-ray studies, as 
well as upon general physical and chemical data."* In the dithionate, 
the S—S bond distance is 2.08 A (single bond) and the S—0 distance 
is 1.50 A (between single and double bond distances). In the tri- 

E. B. Andersen: Z. phyaik. Chem., BS8, 237 (1936), 

H. H. Voge and W. F. Ubby; J. Am, Chem. Soe., 69, 2474 (1937). 

H. H. Voge: J. Am. Chem. Soe., 61 , 1032 (1939). 

W. H. Barnes and A. V. Wendling: Z. Kriet., 99 , 153 (1938). 

W. H. Zachariaaen: Z. Kriet., 89, 629 (1934). 

0. Fobs: Aeta Chem, Seand., 4 , 404 (1950). 
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thionate, the S—S—S bond angle is roughly 100°. As an alternative, 
higher thionates may be considered as derived from trithionate by 


coordination of sulfur to the central sulfur atom 

as 


s 

S 

OjS—S-~S03-“ 

T 

0,S~S-SOr* 

O.S—1—so.-* 

tritKionat^ 

tetnthioDate 

pentAthionAU 


These structures are supported in some measure by the fact that treat¬ 
ment of the higher thionates (x > 3) with alkali removes sulfur atoms 
successively, but only until the trithionate forms. On the other hand, 
the ease with which the pentathionate and hexathionate lose thiosulfate 
when treated with molecules and ions which have affinity for sulfur 
suggests that these thionates are sulfur-thiosulfate combinations, 
S{S 203 ) 2-2 and SsOjOsIs-*, respectively.Such structures are com¬ 
patible with those proposed by Martin and Metz**® and supported by 
both chemical*** and magnetic**® data. More work on structures is 

clearly indicated to be necessary. 

DiTHioNic ACID AND THE DiTHiONATES. Dithionic acid differs from 

the other thionic acids in the following ways: 

1. Dithionic acid is formed by oxidation of sulfuroua acid. The 
other thionic acids are formed by reduction of sulfurous acid. 

2. Dithionic acid is resistant to oxidation. The others are not. 

3. Dithionic acid does not combine with sulfur to give the higher 

acids. 


Although comparatively stable in dilute solution at room 
tures, dithionic acid is decomposed to sulfuric acid and sulfur dio«de 
when such solutions are heated above 50°C. or concentrate . 
tions of the alkali and alkaline earth metal salts undergo no decornposi- 
tion ever. o,. boiling, but solutions of salts of other metals 
,lio.Nide and give sulfates. Dithionie aeid is a ^fong ae.d. The ac 
and its salts are not oxidized by even such strong <»'-d.^.ng agenU 
permanganate, hypochlorite, and chlorine at room 
Qn\v no^werful red^ucing agents react with dithionates, sodium amal- 
ga? r^xam;:, giving sulfite and dithionite These processes are 

probably governed by rate steps since the couples 
M. O. Foss: Thf Syracue ChemUt, p. 20, June 1948. 

... F. Murbn and I Metz: Z. fj,' W 2248 (1925). 

I VoRol: Chem. Xcus, 128, 325, 700 n950) 

... U. Croullo, V. Scallurin, and A. Fava: Jf.cerca ,c,.. 19, 700 (1950). 
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2HiS0i S,Or* + 4H+ + 2e- = -0.20 volt 

and 

SiOr’ + 2 H 5 O ^ 2 SO 4 -" + 4H+ 4- 2e- = -0.20 volt 

would not predict marked resistance to either oxidation or reduction. 

Dithionic acid and its salts are best prepared by oxidation of sulfur 
dioxide or sulBtes. This may be effected electrolytically or by such 
chemical oxidizing agents as manganese(IV) oxide, permanganate, 
iron(III) or cobalt(III) hydroxide. A common laboratory prepara¬ 
tive procedure^^® utilizes treatment of an aqueous suspension of man- 
gane8e{IV) oxide with sulfur dioxide below 10®C. to form manga- 
nese(II) sulfate and dithionate in solution, removal of manganese and 
sulfate ions with calcium hydroxide or barium hydroxide, and crystal¬ 
lization of the calcium or barium salt after removal of the excess 
hydroxide with carbon dioxide. The sodium salt may be obtained in 
similar fashion by adding sodium carbonate, filtering and crystalliz¬ 
ing,'^* or by direct action of sodium hydrogen sulfite solutions on 
manganese(IV) oxide. Treatment of the barium salt with the calcu¬ 
lated quantity of sulfuric acid gives an aqueous solution of the acid. 

Dithionates appear to be water soluble regardless of the cation 
present. Acid salts are unknolvn. 

POLYTHIONIC ACIDS AND THE POLYTHioNATES. Although the free 
polythionic acids cannot be isolated as such, salts are known for all 
acids up through hexathionic (HiSeO#). Some evidence, although 
not particularly definite evidence, has been obtained for even higher 
polythionates in solution. The chemistry of the polythionates is 
complex and has not been elucidated completely.**’ 

The polythionic acids, although unstable, apparently are strong 
acids. Crystalline normal salts containing a variety of light and heavy 
metal cations have been prepared. They are uniformly water soluble. 
Alkali converts the higher polythionates to trithionate, and eventually 
decomposes the latter to sulfite and thiosulfate. Reactions in acidic 
solutions are more complex but may be described at least in part by 
the equations 

SnOs ’ —^ (n — 2)S "b SOj -b SOi”’ (n — 3, 4) 

and 


2S„Or’ + 4H+ (2n - 5)S -b 5SO, -b 2H,0 (n = 5, 6) 

New YorMi^ie/ SynOt^, Vol. 11. p. 167. McGraw-Hill Book Co., 

n Handbuch dtr anorganuchen ChemU, Vol. IV, Pt. 1 

p. 641. Verlag von 8. Hir*el, Leiptig (1927). 


546 


The Oxygen Family 


Ch. 14 


In weakly acidic solutions, the tetrathionate decomposes to tri- and 
pentathionates, the pentathionate to sulfur and tetrathionate, and 
the hexathionate to sulfur and pentathionate. Cyanides convert 
polythionates to thiosulfates and sulfates, with formation of thio¬ 
cyanates. These reactions and others have been combined into an 
ingenious scheme of analysis applicable to solutions containing not 
only all the thionates but sulfide, sulfite, sulfate, and thiosulfate as 
well.'*® 

The polythionates are mild reducing agents. However, as indicated 
by the typical couples, 

SaOr* + 3 H 2 O ^ 3HiSO, + 2e- = -0.68 volt 


SsOr “ + 9HaO ^ 5HjSO, + 8H+ + lOe" - -0.45 volt 

oxidizing agents capable of attacking them are also capable of oxidiz¬ 
ing sulfurous acid to sulfate. Hence sulfate is always the ultimate 

oxidation product. . . 

The polythionates are formed when thiosulfate solutions containing 

arsenic(ni) oxide react with sulfur dioxide, generated either exter¬ 
nally or internally by addition of hydrochloric acid. Although all the 
polythionates are formed under these circumstances, their relative 
proportions appear to be closely related to both acid and arsemte 
concentrations.*** The role of the arsenic material is obscure, iri- 
thionate, pentathionate, and hexathionate (as s^ium salts) are pre¬ 
pared most conveniently by modifications of this genera proc ure. 
Tfetrathionate, although obtainable by this means, is “ore conven¬ 
iently prepared by oxidation of thiosulfate with iodine, 
thionate is also obtained when nitrate and thiosulfate react 
8 N hydrochloric acid solution,- and an aqueous solution of pent^^ 
thionic acid apparently results when a dry mixture of hy r 
(2 moles) and sulfur dioxide (1 mole) is pa^d into ^ 

Of some importance in polythionate chemist^ is 
liquid, the solution (containing colloidal sulfur) which is ^ . 

hydrogen sulfide is passed into sulfurous acid solu ion. ^ 

liquid first revealed the existence of J^‘,'s liquid, 

and tetrathionate are "/eVlso pr^nt. 

but thiosulfate, sulfite, sulfide, and “‘her polyth.ona^ a e a s P 

A similarly complex mixture results from the hydrolysis o 

... A. Kurtcnackar and E. Goldbach: Z. "“ ',“,''19 (IMS). 

A. Kurtenacker and K. MaMjka: Z. ^ ™ 335 (1922). 

... A. Kurtanacker and A. Fritach: ' 

... E. Wclta and F. Achtcrberg; Bcr., MB, 399 (19«). g,,, 

... O. von Deinea and H. Graaamann: Z. anorj. cU,cm. » 
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monochloride (p. 520), since hydrogen sulfide and sulfur dioxide are 
primary hydrolysis products. Although extensively studied, the 
mechanisms of the reactions involved are only incompletely understood. 


Sulfur-nitrogen compounds 


The sulfur-nitrogen compounds include the sulfur nitrides, the 
nitrogen derivatives of sulfuric acid, and the thiocyanates. Certain 
phases of the chemistry of the thiocyanates are considered in Chapter 
13 (pp. 463^80). 

Binary SvXjur-NUrogen Compounds. Although these compounds 
are properly considered as nitrides because of the greater electro¬ 
negativity of the nitrogen, they are called sulfides in much of the 
available literature. To avoid confusion, that terminology will be 
employed here. Characterized compounds of this type apparently 
have the compositions N 4 S 4 , NSs, and NtS^, although the existence of 
the last two is somewhat questionable.'^' These compounds are not 
direct analogs of the nitrogen oxides. 

TETRANITROOEN TETRA8ULFIDE, NITROGEN TETRA8ULFIDE, OR SULFUR 

NITRIDE (N4S4). This compound forms as golden-yellow or orange-red 
crystals which melt with some decomposition at 178® to 179®C. and 
sublime under reduced pressures. The boiling point appears to be 
very close to the melting point, but distillation is often accompanied 
by explosive decomposition of the compound. The solid has a specific 
gravity of 2.24 at 18®C. and a refractive index of 2.046 to 1.908 (visible 
light). It is not wetted by water, but it dissolves readily in a number 
of organic solvents (e.g., carbon disulfide, benzene, ethanol).''' It 
dissolves in liquid ammonia to give bluish-violet solutions, but, on 
evaporation of the ammonia, the material N4S4 is recovered as such. 
Molecular weight determinations on solutions in naphthalene 

benzene,*”' or carbon tetrachloride'” are in agreement with the 
tetrameric composition. 

The compound is endothermic and explodes when struck or heated 
strongly, although it is claimed that if the compound is absolutely 
pure it is explosive only above 195®C.'” In contact with water, the 


(IQ^r Z. onoTff. o^em. CAem., 268, 137 

*“ S. A. Vozneaenakii: J. Rum. Phyt. Chem. Soc., 69, 221 (1927) 

*“ R. Schenck: Ann., 290, 171 (1896). 

**• A. Andreocci; Z. anarg. Chem., 14, 246 (1897) 

(19^”' C- Jr.*; J. Am. Chem. See,, 47. 2134 

1646.^' ^ •^* Hutson: J. Chem. Soc.. 1936, 
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tetrasulfide hydrolyzes slowly to sulfite, pentathionate (23% of sulfur 
in this form), sulfur, and ammonium ion. In the presence of alkali, 
rapid hydrolysis gives ammonia, sulfite, and thiosulfate,but, if the 
solution is only slightly alkaline, trithionate is obtained instead of 
sulfite.*®® The formation of ammonia is significant in that it indicates 
strongly the absence of N—N linkages in the compound. The tetra¬ 
sulfide gives evidences of unsaturated character in many reactions. 
It adds dry ammonia (gas) to give a material of composition N^Si* 
2NHa, which loses ammonia rather readily. Reaction with chlorine 
in carbon disulfide gives a crystalline yellow tetrachloride, NiS^Ch. 
With bromine, the compounds N 4 S 4 Br 4 (bronze) and N 4 S 4 Br 6 (red) 
have been obtained. Treatment with cold sulfur monochloride gives 
black, crystalline N 4 SSCI 2 . Reduction of the tetrasulfide with tin(II) 
chloride yields a hydrogen compound of analytical composition 
(NSH),,'** which has been shown by molecular weight determinations 
in acetone'” to be a tetramer, N 4 S 4 H 4 . This compound is a crystal¬ 
line solid, decomposing at 100" to 148"C., soluble in acetone or pyri¬ 
dine, stable toward acids, but hydrolyzed by alkalies, all of the nitrog^i 
appearing as ammonia. Meuwsen believes the hydrogens to be bonded 
to the sulfur atoms rather than the nitrogen atoms,*” but it seems 
more probable that the compound has a ring structure of alternating 
_S— and —NH— groups. This view is supported by the observa¬ 
tion that the properties of the material are between those of sulfur 
(Se rings) and the compound StKH, which has an eight-membereU 
ring structure of seven sulfur atoms and one —NH— group^ 
Both the substance N4S4H4 and the substance S 7 NH may be regar e 


as pseudosulfurs. . 

Reaction of the tetrasulfide with acetyl chloride or sulfur mon^ 

chloride*®’- at elevated temperatures gives the yellow thiotrithia y 
chloride, N.S,C1. Use of sulfur monobromide ^ 

bromide, and other related compounds (e.g., N,S,I, NrS.N 
HSO.) can be prepared. These compounds are salHike m tne. 
properties The chloride is stable in dry air but e.xplodes when heatc . 
ZZtlue in many organic solvents (e.g. ether, oarbcn. d.s^ M b 
A number of structural arrangements have '-een propo^d to a ou^^^ 
for the chemical characteristics of nitrogen tetrasulfide. 


»»* A. Meuwsen: Bcr., 63B, 1959 (1929). 

«•“ M Goehring: Chem. Ber., 80, 110 

::: ^...*4, ,. 5 „. 

iM W. Muthmann and E. Scittcr; Bcr.. 80, 627 (1897). 

»»* A. Meuwsen: Her., 66B, 1724 (1932). 



Ch. 14 SulJur^Nitrogen Compounds 549 

However, the problem is better approached by physical means. 
Early x-ray studies'" on the compound led to somewhat erroneous 
conclusions because of the assumption that the crystals are ortho¬ 
rhombic. Actually, they are monoclinic,*®® with constants Oo = 
8.74 A, fco = 7.14 A, Co = 8.645 A, ^ = 92“21', and isomorphous with 
those of realgar (p. 656). Electron diffraction studies'®’ on gaseous 
nitrogen tetrasulfide indicate the molecule to be a cradle-like eight 
membered ring of alternating nitrogen and sulfur atoms made up of 
a bisphenoid of sulfur atoms and a square of nitrogen atoms with 
N—S and S—S bond distances of 1.62 A and 2.69 A, respectively, and 
S—N—S and N—S—N angles of 112® and 106®, respectively. Reso¬ 
nance among at least the following structures is probable: 



N=S—N : 


:S: 


:S : 


: N—S—N : 


N=S=N 

1 I 

S : :S 

I 1 

N=S=N 




The structure of realgar is exactly similar except that arsenic atoms 
occupy the sulfur positions and sulfur atoms the nitrogen positions 
(p. 656). 

Nitrogen tetrasulfide can be prepared by either reaction of dry 
ammonia gas with sulfur dichloride in benzene or with sulfur mono- 
chloride in ether*®’ 

6 SCI, 16NH,-» N*S4 + 12NH4C1 -|- 2S 
6 S,Clj + 16NH,-> -b 12NH4a + 8S 

™ WOtnukap. Amsterdam. 

9% 7o3 (1931). 

*“ M. J. Buerger: Am, MirunL, 81, 576 (1936). 

*" C.-S. Lu and J. Donohue: /. Am. Chem. Soe., 66, 818 (1944). 
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or reaction of liquid ammonia with dissolved sulfur at —11. 5®C. or 
above 

lOS + 16NH3-^ N^S* + 6(NH4)2S 
S-2 + xS -> 


In the first general procedure the product is extracted with benzene or 
carbon disulfide and crystallized. In the second the sulfide and poly¬ 
sulfide ions are removed by adding silver iodide, and then the solution 
is evaporated to crystallization.**® 

A comparable selenide, N^Se^, is obtained by similar means and has 
similar properties.*” 

NITROGEN DISULFIDE (NS 2 ). A red, moderately volatile liquid cor¬ 
responding in composition to the formula NSj is obtained when a 
mixture of nitrogen tetrasulfide and sulfur is vaporized at 125®C.'®* 
The substance is readily soluble in benzene, carbon disulfide, car¬ 
bon tetrachloride, or ether and decomposes at room temperatures. 
Although no conclusive data are available, it seems likely that the 
material is polymeric. 

NITROGEN PENTASULFiDE (NjSs). This material is a steely-gray 
crystalline material, melting at 10® to n®C. to a red oil. When 
heated, the liquid decomposes to nitrogen and sulfur, and, when treated 
with water, it gives ammonia and sulfur. The material is soluble in 
carbon disulfide or ether but not in benzene or alcohol. The com¬ 
pound is obtained when nitrogen tetrasulfide is heated at 100®C. with 
very pure carbon disulfide*^* and separated by extracting into ether 
and removal of the solvent. Usher*®* believes the material to be a 

solution of sulfur in a lower sulfide. 

Nitrogen Derivatives of Sulfuric Acid. A variety of derivatives of 
sulfuric acid in which nitrogen-to-sulfur bonds are present can be 
distinguished. Relations existing among a number of these in terms 
of the nitrogen system of compounds are described in Chapter 15 
(p. 572). Here we may consider the amine sulfonic acids, sulfamide, 
and the hydroxylamine sulfonates. Other pertinent information, par¬ 
ticularly on the hydro.xylamine sulfonates, is found m Chapter 15. 

AMINE SULFONIC ACIDS. The amine sulfonic acids are derived from 
ammonia by the successive replacement of hydrogens by sulfonic 


••• F. W. Bergstrom: J. Am. Chem. Soc., 48 , 2319 (1926). 

»•» F. L. Usher: J. Chem. Soc., 127, 730 (1925). 

no w. Muthmann andX Clever: Ber.. 29. 340 (1896); Z. anorff. Chem.. 19. 200 

m^L. F. Audrieth, M. Sveda. H. H. Sislcr. and M. J. Butler: Chem. Rev,.. 26, 49 
(1940). 
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groups. These materials may be formulated as 


HjN—SO3H 

ftmine sulfonic acid 


SO3H 

/ 

HN 

\ 

SOaH 

anunodisulfonic acid 


SOaH 

/ 

N—SOaH 

\ 

SO,H 

aiJiinc trisulfonic acid 


Actually only the first acid is sufficiently stable to be isolated, but 
salts of all three are well known. 

Amine sulfonic acid is more commonly called sulfamic acid. It is a 
crystalline (rhombic), non-hygroscopic, white solid, melting with 
decomposition at 205“C. X-ray studies*’* show sulfamic acid to have 
the zwitterion structure NHa+SO,-, the geometrical arrangement 
being a distorted tetrahedron. Extensive hydrogen bonding occurs 
throughout the crystalline material. Interatomic distances are: 
S—N, 1,73 A; S—0(1), 1.49 A; S—0(2), 1.47 A; and S—0(3), 1.48 A. 
The compound is soluble in water, but practically insoluble in 70 to 
80% sulfuric acid solution. It is also soluble in methanol, ethanol, or 
liquid ammonia but difficultly soluble in ether. In aqueous solution, 
sulfamic acid is a strong acid, comparable in strength with hydro¬ 
chloric acid or nitric acid. Because of this fact and the stability of the 
compound under ordinary conditions, sulfamic acid is an excellent 
acidimetric primary standard.*” Aqueous solutions undergo slow 
hydrolysis to sulfuric acid and ammonium hydrogen sulfate, but the 
reaction is rapid at elevated temperatures. The acid is a reducing 
agent, especially in boiling aqueous solutions. Chlorine, bromine, and 
chlorates convert it to sulfuric acid, even in the cold, but permanganate 
and chromic acid are without effect. In the presence of nitrite, 
sulfamic acid is quantitatively converted to sulfuric acid as 


HSO3NH, + HN 0 j-» H ^04 + N, + H ,0 


Nitric acid forms nitrous oxide by a similar reaction. Many of these 
reactions are also characteristic of the sulfamates. The sulfamates are 
almost uniformly water soluble. X-ray studies on potassium sulfa- 
mate show the structure of the sulfamate ion to be like that of the 
sulfate ion, with an —NHj group replacing an oxygen in a slightly 
distorted tetrahedron and S—N and S—0 bond distances of 1.56 A 
and 1.48 A, respectively.*” Sulfamic acid may be prepared by any 

*’* F. A. Kanda and A. J. King: J. Am. Ckem. Soc., 7S, 2315 (1951). 

M. J. Butler, G. F. Smith, and L. F. Audrieth: Ind. Eng. Chem., Anal Ed . 
10, 690 (1938). 

*** J. A. A. Kctclaar and E. L. Hcilmann: Z. KrisL, 103, 41 (1040). 
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one of the following general methods:*'^ (1) ammonolysis of sulfuric 
acid and related compounds, especially the sulfur trioxide addition 
compounds of various amines; (2) nitridation of sulfur dioxide, sul- 
furous acid, sulfites, and dithionites, (3) hydrolysis of other aquo> 
ammono sulfuric acids; and (4) hydrolysis of N-acyl sulfamic acids. 
Commercially, the acid is made by the reaction of urea with fuming 
sulfuric acid. Convenient laboratory procedures involve reaction of 
sulfur dioxide with hydroxylammoniura sulfate or acetoxime.’’* 
Salts are prepared by action of the acid on metals, metal oxides, etc. 
Sulfamic acid is of importance because of use of its salts as flame¬ 
proofing agents, weed killers, electrolytes in metal deposition processes, 
etc. A number of phases of sulfamic acid chemistry are discussed by 
Cupery'^® and by Audrieth, Sveda, Sisler, and Butler,'^' 

The solid alkali and alkaline earth metal amine disulfonates are 
stable at room temperature but decompose above room temperature. 
In aqueous solution, the amine disulfonates hydrolyze to sulfamates as 

HN(SO,),-’ + H,0-^ HiNSOr + SOr* + H+ 


They are mild reducing agents but stable toward permanganate in 
alkaline solution. The potassium salt is the best characterized. It is 
obtained by careful hydrolysis of potassium amine trisulfonate. 

The alkali metal amine trisulfonates (nitrilosuUonates) are well 
characterized. The potassium salt is only slightly soluble in water, 
but the sodium salt is quite soluble. Aqueous solutions of the plkali 
metal trisulfonates are neutral and fairly stable. Addition of acid 
causes rapid hydrolysis to the disulfonate, which in turn 
more slowly to the sulfamate. Amine trieulfonate Js readily obtained 

by reaction of nitrite 'vith hydrogen sulfite*” 

NOr + 3 HSO,- — N(SO,)r» 4- H,0 + OH" 


the yield of the potassium compound being at a maximum 
ratio of HSOr to NOr is 4 to 1 or greater and the reaction is run a 

elevated temperatures.*” Amine trisulfonate is the ultimate pr 

but the general reaction is useful for the preparation 
of other nitrogen compounds (pp. 581, G16). 

H H. Sisler, M. J. Butler, and L. F. Audrieth: Iru^nonic Syartrri., Vol. H, 

n 176. McGraw-Hill Book Co., Now York (1946). 

M. E. Cupery: Ind. Enfl. Chem., 80, 

mA.ClausandS. Koch:^nn. 188.336 (1W9^ ^ ^,93^). Jnargonic 
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SULFAMIDE lSOj{NH,)j]. Just as sulfamic acid may be regarded 
as the monoamide of sulfuric acid, sulfamide is the diamide. The 
structural relationships among these three materials are thus 


: 0 : 

% « 

H : 0 : S : 0 : H 

; O : 

• * 

auUuric Add 


: O : 


H : O : S ; N : H 


: O : 


H 


euUamie Acid 


H : 0 : 

H : N : S ; N ; II 

• • • • 

:0:H 

A A 

Atjlfamido 


Sulfamide is a white, crystalline (rhombic) solid which melts sharply 
at 93“C. and has a density of 1.611 grams per cc. It is readily soluble 
in water and is ammono-deliquescent. In water solution, sulfamide 
is only slightly acidic but does form salts of the type (AgNH)iS 02 . 
In liquid ammonia solution, it is strongly acidic and yields salts of the 
types (KNH)iSOj and (KjN)5S02. Sulfamide decomposes above its 
melting point to ammonia and sulhmide, HN = SO 2 . In boiling 
acidic solution, sulfamide is hydrolyzed to ammonium sulfate. In 
alkaline solutions, it is converted to amine sulfonates. Like sulfamic 
acid, nitrous acid converts sulfamide to nitrogen and sulfuric acid. 
In the presence of sulfuric acid, nitric acid nitrates sulfamide to nitro- 
sulfamide, H 2 NSO 2 NHNO 2 . Hypochlorous acid forms monochloro- 
sulfamide, H 2 NSO 2 NHCI. Sulfamide coordinates to metal ions as a 
bidentate group after loss of a hydrogen from each nitrogen (p. 238). 
Sulfamide is prepared by the ammonolysis of sulfuryl chloride 


SO2CU + 4 NH,-» SOjCNH,), + 2NH4CI 


but with gaseous ammonia and an inert solvent such as benzene or 
chloroform the reaction is complicated by the formation of sulfimide, 
imidodisulfamide, HN(S 02 NHj) 2 , and higher polymers containing the 
repeating group —SOjNH—A better procedure involves addi¬ 
tion of sulfuryl chloride to liquid ammonia.’*® The main reaction 
product is imidodisulfamide, but, if the solid residue remaining after 
excess ammonia is allowed to evaporate is dissolved in very dilute nitric 
acid and the solution allowed to stand, hydrolysis to sulfamide occurs. 
The product is then recovered by evaporation, extraction into ethyl 
acetate, and crystallization. 

A number of nitrogen-substituted sulfamides are also known. 

”*F. Ephraim and F. Michel: Ber., 42, 3833 (1909). 

“*F. Ephraim and M Gurewitsch: Bcr., 4S, 138 (1910). 
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HYDRoxYLAMiNE SULFONIC ACIDS. Just as the amine sulfonates are 


derived from ammonia, a number of hydro:Q^lamine sulfonates are 
derived from hydroxylamine (pp. 581, 616). Materials of this type 


may be formulated as 

so,- 

so,- 


/ 

/ 

/ 

HONH—SO,- 

HON 

ON 


\ 

\ 


SO,- 

SO,- 

hydroxylftmitie iDooo«ul(oQato 

hydroxylxmitie dixulfoaxt^ 

tutroayl disuKoanto 


oso,- 

so,- 


/ 

/ 

H,N—OSO,- 

HN 

-0,S0—N 


\ 

\ 


so,- 

SO,- 

hydrotylftmine iaomoDoeulfoUAt^ 

hydroxylamine ieodisulfoonte 

bydroxylnTniDo triauKcnnte 


The formation of both N—SOa and N—0—SOj arrangements is a 
complicating factor. Certain of these materials are important as 
intermediates in the synthesis of hydroxylamine (pp. 581-582). 

Alkali metal hydroxylamine monosulfonates result from hydrolysis 
of the disulfonates. The potassium salt is easily recovered by crystal¬ 
lization. Its water solutions are neutral, indicating the parent acid 
to be strong, but in the presence of acid at 100“C. the hydroxylamine 
monosulfonate ion is hydrolyzed to hydroxylammonium and sulfate 
ions. The ion is reducing in character and behaves very much like 
hydroxylamine (p. 580). The isomeric isomonosulfonates are obtained 
from the free acid, which precipitates when hydroxylammonium sulfate 
is warmed with chlorosulfonic acid.'"* The iso compounds also yield 
hydroxylamine on hydrolysis. 

Alkali metal hydroxylamine disulfonates are water-soluble com 
pounds, which give neutral solutions and hydrolyze readily to the 
monosulfonates and sulfates. They result in the reaction o a i 
metal nitrite solutions with sulfur dioxide or alkali metal hy rogen 

sulfites at low temperatures (pp. 581, 616). The free acid is un nown. 
The isomeric alkali metal isodisulfonates also give neutral aqueous 
solutions. In alkaline solutions, they are decomposed to 
sulfamate, whereas the normal disulfonates give nitnte and sulh^. 
In acidic solutions, sulfate and hydroxylammonium ions rwu , 
ioJLr with nitric oxide and nitrogen. Sodinm -a^garn «du^. 
thL to sulfamatea but does not affect the normal disulfonates_ On 
. the other hand, they resist oxidation by lead(IV) ox.de .n alkahne 

... F, Sommer, O. F. SchuU, and M. Nassau: Z. anor,. Chem.. 147, 142 

(1926). 
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Suggested Supplementary References 

solution, whereas the normal disulfonates form nitrosyl disulfonate.*** 
Potassium pitrosyl disulfonate, as obtained by this reaction, is a 
yellow solid (Fremy’s salt, p. 213), which dissolves in water to give a 
violet-blue solution. Inasmuch as the solid is diamagnetic and its 
aqueous solutions paramagnetic with measured susceptibilities corre¬ 
sponding to a single unpaired electron,*®* it is believed that the solid 
is dimeric and the ion in solution monomeric. The solid potassium 
salt decomposes readily to ammonium sulfate, sulfur dioxide, and 
nitrous oxide. Solutions of the ion undergo hydrolysis and are good 
oxidizing agents. Hydrolysis in the presence of alkalies yields 
hydroxylamine trisulfonates. 

The alkali metal hydroxylamine trisulfonates Kiissolve in water to 
give neutral solutions. In the presence of alkali, aqueous solutions 
are stable and resistant to oxidation, but in the presence of acid they 
undergo rapid hydrolysis to hydroxylamine isodisulfonates and sul¬ 
fates. The trisulfonates result from oxidation of the disulfonates with 
lead(IV) oxide in alkaline solution or from reaction of nitrite and 
hydrogen sulfite solutions, followed by addition of lead(IV) oxide.*®* 

SUGGESTED SUPPLEMENTARY REFERENCES 

D. M. Yost and H. Russell, Jr: SysUmalic Inorganic Chemistry of the Fifth- and 
Sixth-Group Non-MetalUe Elements, Ch. 3, 8, 9, 10, 11. Prentice-Hall, New 
York (1944). 

N. V. Sidgwick: The Chemical Elements and Their Compounds, pp. 855-997. 
Clarendon Press, Oxford (1950). 

A. F. Wells: Strudurol Inorganic Chemistry, 2nd ed., Ch. X, XI, XII, XIII, XIV. 
Clarendon Press, Oxford (1950). 


»«T. Haga; J. Chem. Soe., 89, 240 (1906). 

R. W. Asmussen: Z. anorg. allgem. Chem., 212, 317 (1933). 
F. Raschig: Ber., 66, 206 (1923). 



CHAPTER 15 


Periodic Group Vb 
The Nitrogen Family 

The elements in this family are all relatively familiar, although their 
abundance in nature (N 0.0046%, P 0.118%, As 5 X 10“*%, Sb 
1 X 10“*%, Bi 2 X 10“*% of the igneous rocks of the earth), except 
for phosphorus, is not excessively high. Phosphorus ranks tenth in 
abundance among the elements. Nitrogen is a familiar element 
because of its rich source, the atmosphere (78.09% nitrogen by 
volume), and because it is present in such important materials as fer¬ 
tilizers, explosives, and high polymers. Phosphorus is familiar both 
because it occurs in concentrated deposits and because of the many 
uses to which the element and its compounds have been put. The 
other members of the family are familiar because of the comparative 
ease with which the compounds may be separated, recovered, and 
reduced to the free elements as well as because of the uses to which 
some of these materials are put. Nitrogen and phosphorus are 
undoubtedly among our most versatile and generally useful non- 
metals. All the elements in this family have been well known for many 

years. 

The nitrogen family is often selected for systematic studies becauM 
among its members there is an essentially regular change, with atomic 
weight and size, from the characteristics of a true non-metal (nitrogen) 
to an almost true metal (bismuth). This type of trend is of couree 
characteristic of the families in this general region of the pen^ic 
system, hut the changes in the nitrogen family are often more sinking 
than those in families already discussed. As is expected, the properties 
of nitrogen are often anomalous, the most regular trends existing 
among phosphorus, arsenic, antimony, and bismuth. According 
the pattern set in preceding chapters, the family is discuss^ as a wh^e 
first, and then some special phases of nitrogen and phosphorus che 

istries are considered. 
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FAMILY RELATIONSHIPS AMONG THE ELEMENTS 

Numerical relationships characterizing the members of the nitrogen 
family are summarized in Table 151. Paralleling increases in atomic 
weight and number are the increases in density, atomic volume, melt¬ 
ing point (except for antimony and bismuth), boiling point, and sizes 


TABLE 151 

Numerical Properties of Nitrogen Family Elements 


Property 

Nitrogen 

Phosphorus 

Arsenic 

Antimony 

Bismuth 

Atomic number 

7 

15 

33 

51 

8.3 

Outer electron configura¬ 






tion 

2«»2p> 

3a*3p* 

4a*4p* 

5«*5p* 

6 «*0p* 

Molecular formula (gas) 

N, 

1*4 Pi 

ASi ^ AS] 

Sb* ^ Sb, 

Bi, ^ Bi 

Mass numbers, stable 






isotopes 

14, 15 

31 

75 

121, 123 

209 

Atomic weight 

14.008 

30.98 

74.91 

121.76 

209.00 

Density of solid, grams/ 

0 8792 

1.8232* 

5.7t 

6.58t 

9.8 

cc. 

(-210*C.) 

(20®C.) 






2.34t 

3,95 

5.35 




2.69911 




Atomic volume of solid, 






cc. 

15.95 

16 9* 

13.13t 

18,sot 

21.32 

Melting point, *C. 

-210.0 

44.1* 

814.5 

o:io.5 

271 



592 51 

(36 atm.) 





587.511 




Boiling point, "C. 

-195.8 

280.5* 

610 (subl.) 

1380 

1450 

Critical temperature, *C. 

-147.1 

1 

695 




Critical pressure, atm. 

33.5 

82.2 




Heat of fusion, krai./ 






mole 

0.1732 


• 



Heat of vaporization, 






kcal./molc 

1 .332^) 





Covalent radius, A 

0 74 

1.10 

1.21 

1.41 

1.52 

Ionization potential, cv 

14.54 

11.0 

10± 

8.64 

8± 

Electronegativity 

3.0 

2.1 

2.0 

1.8 


Crystal radii, A 

! 





Z-* 

1.71 

» 2.12 

2.22 

2.45 


Z+» 



0.69 

0.90 

1.20 

z+* in zor 

£J„for ZH,T=iZ+3H* 
+ 3e~, volts 

for Z + 3H,0 ^ 
H,ZO, + 3H+ + 3e-, 
volts 

0.11 

-0.27 

-1.44 

(HNO,) 

0.34 

0 03 
0.49 

0.47 

0.54 

-0.25 

(HAsOi) 

0.62 

0.51 

-0.21 

(SbO+) 

0.74 

ca. 0.8 
-0.32 
(BiO+) 


• White phosphorus, f Metallic arsenic or antimony. J Violet phosphorus. 
S Yellow arsenic or antimony. || Black phosphorus. 
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which are characteristic of the families in this part of the periodic 
arrangement. The striking increase in metallic character with anti¬ 
mony* and bismuth makes these trends somewhat less regular than 
those noted, for the Group Vllb and Group VIb elements, where non- 
metallic behavior predominates. Reference to Tables 14-1 (p. 482) 
and 161 (p. 662) indicates that the nitrogen family elements are on 
the average somewhat more volatile than their immediate neighbors. 
This is a consequence of the five-electron outer arrangements in their 
atoms. Such arrangements are conducive to the formation of discrete 
molecules which are comparatively free of attraction for each other. 

All the outer electron arrangements are three electrons short of 
inert gas atom structures. Although some tendency to achieve stable 
configurations by gain of electrons might be expected, the number of 
electrons to be gained is so large that the formation of true trinega¬ 
tive ions occurs only with the smallest and most electronegative ele¬ 
ment, nitrogen. The electronegativities of the other members of the 
family are so reduced that even in combination with the most electro¬ 
positive elements they would be bonded in predominantly covalent 
fashion (p. 207). Covalent structures containing the nitrogen family 
elements in the formal negative three oxidation state are common, the 
best characterized examples being the simple hydrides. As is apparent 
from decreasing values of electronegativities and variations in standard 
potentials for the Z(-III)-Z(0) couples with atomic weight, the ten¬ 
dency to enter the negative three oxidation state decreases from nitro¬ 
gen to bismuth. Sharing of electrons among individual atoms to give 
diatomic and more complex molecular species is a common means of 


enhancing structural stability. 

Data summarized in Table 15*1 give some information relative to 
positive oxidation states among these elements. Reduced e ectr<v 
negativities among the heavier elements of the family suggM sue 
states in compounds containing more electronegative ® . 

However, except in combinations involving fluorine, electroneg Y 
differences are too small to permit predominantly ionic character in 
^e bonds. The tendency toward ^valence will of cou- ~ 
as the size of the nitrogen family element decreases^ 
of valence electrons as ns^np^ suggests that positive oxidation state 
+3 and +5, corresponding, respectively, to the involvement of the p 

electrons and both the s and p electrons, should be 

This is true In the positive three state, the mert pair (p. J 

of importance. This oxidation state becomes t,, 

more resistant to oxidation as one P^f^^^^/^^^Pg^Pherefore, 
bismuth. The character of nitrogen is different (p. 559), 
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comparisons involving nitrogen in this state are not rigorously per¬ 
missible. Although tripositive bismuth compounds show but little 
ionic character in the solid state, they do give various ionic species in 
polar solvents. The tendency decreases through antimony to phos¬ 
phorus. In the tripositive state, all these materials may act as elec¬ 
tron pair donors, but the property is pronounced only with nitrogen. 
Nitrogen is incapable of accepting electrons because of the octet 
limitation; the others can behave as acceptors. 

In the pentapositive state, all these elements are predominantly 
non-metallic and acidic in character. This oxidation state becomes 
less characteristic and more difficult to form as atomic weight increases, 
the increased stability of the inert pair with increasing size being 
emphasized again. Nitrogen is again somewhat anomalous in its 
behavior. In this oxidation state, binding is even more nearly com¬ 
pletely covalent than in the positive three state. Compounds of thc.se 
elements then represent the most striking examples of the compara¬ 
tively rare pentacovalent materials. The elements (except nitrogen) 
in this state of oxidation may act as acceptors through expansion of 
their valency groups. Strictly speaking, such acceptor behavior is 
limited to small groups because of size factors; but fluoanions of the 
type [ZFe]” are known for phosphorus, arsenic, and antimony, and a 
hydroxy anion, [Z(OH)«]“, characterizes at least antimony. 

The position of nitrogen is anomalous not only as regards the prop¬ 
erties of the tri- and pentapositive compounds but as regards the 
existence of other oxidation states as well. In combination with 
oxygen, nitrogen is found in additional positive one, positive two, 
and positive four states. Well-defined series of such compounds are 
lacking, however. The characteristics of these compounds are 
described later. 

MODIFICATIONS OF THE FREE ELEMENTS 

Like their neighbors in Group VIb, the elements in this family 
often exist in a variety of modifications in the various physical states. 
Except with phosphorus, allotropy is not particularly complicated. 
However, forms differing in molecular complexities are of some 
importance. 

Nitrogen 

Elemental nitrogen is diatomic in the gaseous condition. The inter- 
nuclear distance of 1.095 A* for the nitrogen molecule in its normal 

‘ F. Rasctti: Pkys. Rev., 34, 367 (1929). 


560 


The IVitrogen Family 


Ch. 15 


state indicates a triple-bond structure 



This structure is one of considerable stability as evidenced by the lack 
of chemical reactivity of nitrogen under any but rather drastic condi¬ 
tions (p. 508) and by the higli dissociation energy of some 9.764 ev 
(225.2 kcal.) per mole-“* for the nitrogen molecule. The diatomic 
condition is presumably characteristic of both liquid and solid nitrogen, 
van der Waals forces (p. 215) being responsible for the attraction 
between nitrogen molecules in these states. Two solid forms are 
known, the low-temperature alpha modification (cubic) being trans¬ 
formed at -238.49®C. (35.GrK.) into the beta form (hexagonal) with 
an energy absorption of 0.0547 kcal. per mole. The heat capacity 
(at constant pressure) is smaller for the beta form. 

Active Nitrogen. The large dissociation energy of the nitrogen 
molecule renders production of atomic nitrogen impossible by avail¬ 
able thermal means. The species is observable spectroscopically- 
Action of an electric discharge upon nitrogen gas at low pressures, 
however, produces a chemically active material and a comparatively 
long-lived (several hours) yellow afterglow,^ the spectrum of which 
indicates the presence of molecular species. This afterglow is due to 
the slow release of energy and is of course indicative of the presence 
of activated (energy-rich) materials. Although it is obtained more 
readily when traces of oxygen are present,- pure nitrogen will give it 
too.’ The life of the afterglow is dependent upon the nature of the 
surface of the containing vessel, suggesting that collision of the acti¬ 
vated species with a surface is essential to deactivation. Glass 
surfaces may be deactivated with raetaphosphoric or sulfuric acid an 
activated by heating in nitrogen- or in yacuo.*- Addition of mact 
nitroeen* or compression stabilizes the afterglow. 

Active nitrogen yields nitrides with vapors of 
phosphorus and with liquid mercury" and reacts ^v^th iodine vap , 


» A. G. Gaydon: Aoi««re, 163, 407 (1944). rfonl AlflS 374 (l9-*5)- 

• A. G. Gaydon and W. G. Penney: Proc. Roy. Soc. (Undon), AlflS, 

«G. Glockler: C/ieni. 18, 602 (1948). x aab 219 (1911)-A86, 

. R. J. Strutt (Lord Rayleigh): Proc. Hoy. Soc (Londoj.), A8 , 219 (1911). 

56 262 (1912): A87, 179 (1912); A88. 5.39 (1913); A91, 303 (1915). 

• E Tiede and E. Domcke: Her., 47, 420 (1914). 

. H.B Baker and R. J. Strutt: «rr., 

. Lord Rayleigh: Rroc. Hoy. Soc. London). Am. 567 936 . 

•Lord Rayleigh: Proc. Roy. Soc. {London), A180. 123 (IJU). 

10 G. Herzberg: Z. Physik. 46. 878 G'J28). 
n E. Tiede and H.-G. Knoblauch: Bcr., 688 , 1149 (1935). 
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giving a blue luminescence. Certain metals, notably copper and gold, 
catalyze conversion to stable molecular nitrogen without giving 
nitrides.'® Nitric oxide (p. 593) reacts to give nitrogen dioxide with a 
white luminescence. 

The true nature of active nitrogen is not apparent from presently 
available data. The chemical behavior of the material and the after¬ 
glow phenomenon appear to be independent of each other, with the 
energy associated with the afterglow being comparatively small.'* 
Chemical activity persists after destruction of the afterglow.'®-At 
least some dissociation to atomic nitrogen in the activation process 
seems reasonable in view of observed pressure increases in closed con¬ 
tainers,'® but spectroscopic evidences are contradictory.'® Debeau'® 
believes that dissociation is responsible for activation and that deac¬ 
tivation is due to the formation of a collision complex (NN), followed 
by either glow or loss of energy as radiation (different from afterglow) 
or in activating some other material. Further work is indicated. 

Phosphorus 

Phosphorus is comparable to sulfur in the complexity of its modifica¬ 
tions, although the solid forms of phosphorus present the most involved 
problems. Complexity in the solid state is characteristic of all the 
elements in the nitrogen family. Two general solid forms are encoun¬ 
tered, a light non-metallic form and a dense metallic or semi-metallic 
form. The first of these is most characteristic of the lighter elements, 
and the second of the heavier elements. Indeed, only the non-metallic 
form of nitrogen is noted, whereas only the metallic form of bismuth 
is found. Other modifications of these general forms may exist also. 
Phosphorus appears to occupy an optimum position as regards 
varieties of solid forms. The gaseous and liquid states apparently 
are not particularly complex. 

Gaseous Phosphorus. The vapor density of phosphorus at tempera¬ 
tures up to 800®C. is in accord with the presence of P 4 molecules. 
Electron diffraction data'® show the four phosphorus atoms to be 
arranged in a tetrahedron (bond angle 60®), the P—P bond distance 
being 2.21 ± 0.02 A. This is in excellent agreement with the then- 

'* E. J. B. Willey: J. Chem. Soc., 1M7, 2188, 2831. 

‘•Lord Rayleigh:Proc. Roy. Soc. {London), A176, 1, 16 (1940). 

** R. J. Strutt (Lord Rayleigh): Proc. Roy. Soe. {London), A92, 438 (1916). 

“ D. E. Debeau: Phyt. Rtv., 61, 668 (1942). 

Z. Bay and W. Steiner: Z. phy$ik. Chom., BS, 149 (1929). 
no-jRC Hendricks, and V. M. Moaley: J. Chan. Phy$., 8 , 699 
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retical single-bond distance of 2.20 A, but the 60* bond angle requires 
the unusual hybridization.** This structure is to be contrasted 
with the structure of the normal diatomic nitrogen molecule. The 
same contrast is apparent between oxygen and sulfur (pp. 482, 491). 
It appears reasonable to conclude, therefore, that, although the intro¬ 
ductory elements in these two families form molecules by multiple 
bonding between atoms, this tendency is much reduced in the second 
members of the families. The same conclusion may be drawn from 
considerations of compounds of the elements. A comparable situa¬ 
tion exists, of course, among the Group IVb elements. 

Above 800*0., dissociation occurs. Early conclusions'® that both 
the species Pj and P are present have been shown to be invalid,*"- 
and it is now well established that the molecule P 2 is the only dissocia¬ 
tion product. Even at comparatively high temperatures, equilibrium 
conditions are unfavorable for the dissociation of the diatomic mole¬ 
cules. In the absence of information to the contrary, it may be 
assumed that the structure of this molecule is comparable to that of 


the nitrogen molecule. 

Liquid Phosphorus. Comparatively little information is available 
on the nature and complexity of liquid phosphorus. Fusion of ordi¬ 
nary white phosphorus (p. 563) gives a liquid which x-ray 
studies indicate to consist of tetrahedral P 4 molecules (P—P bond 
distance = 2.25 A).** The vapor pressure of this liquid hw been 
measured up to 409.3*C.**- Fusion of violet phosphorus (p. 563) gives 
a liquid, the nature of which has not been determined. 
sure data for this liquid are available above 504*C.’ Althoug 
interval of almost 100*C. exists for which no vapor pressure data am 
available, there appear to be no di-ontinuitiea .n th.s .nerval, and 

the two liquids appear thus to be the same. In fac , 

Voorhis’< find that where liquid exists m the interval 44 to W4 u. 

vapor pressures may be calculated to ±5% from the equation 

' - 1,2566 log.. T + 11.5694 (15 1) 


loSlO pnn 


7- being expressed in degrees Kelvin. Spontaneous 

whitTform into the violet at elevated temperatures and lack of suBi 


»J. R. Arnold; J. CArm. PAi/8., 14, 351 (1946). 129 (1912). 

»»G. PreiitiLT and J. BrorkmoUer: 2. p !/3i \ ‘aii \^27 (1912) 

..A, Slock, G. E. Gibson, 

*> D P. Slcvftison and D. M. lost. J. t y <1438) 

.. C. D. ... and N. S L GOIS) 

** A. Smits and S. C. Bokhorst. Z. p 4S. 547 (1921). 

.. D. McRae and C. C. Van Voorhia: J. Am. Chrm. ice . «. 
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cient supercooling of the liquid violet material account for the unin¬ 
vestigated region. 

It appears, therefore, that in effect molten white phosphorus is 
supercooled violet phosphorus. It is not unlikely that more than a 
single polymeric form is present in the liquid and that such polymeric 
forms are in equilibrium with each other. 

Solid Phosphorus. Solid phosphorus is polymorphous,* but the 
literature contains much confusing information relative to the true 
natures of the polymorphs. The following forms appear to be 
well-characterized. 

WHITE PHOSPHORUS. White phosphorus is soft and waxy and 
becomes yellow when exposed to light. Two different crystalline 
modifications may be distinguished. The ordinary {alpha or phos¬ 
phorus I) material consists of cubic crystals (sp. gr. 1.8232) which are 
non-conductors and which dissolve readily in a number of organic 
solvents (especially carbon disulfide). A second variety {beta or 
phosphorus II) is formed from the alpha material below —76.9®C. or 
at 60*C. under 12,000 atm. pressure.** It consists of hexagonal crystals 
(sp. gr. 2.690) and is apparently similar to the alpha form in other 
properties. 

VIOLET PHOSPHORUS. Heating molten white phosphorus at 240® to 
260®C., either alone or particularly in light or in the presence of 
catalysts such as iodine** or sodium, produces a reddish modification 
which is distinguished from the white form by its reduced chemical 
reactivity, by its insolubility in solvents such as carbon disulfide, and 
by its non-poisonous character. The color, vapor pressure, melting 
point, and other physical constants of this red form are dependent 
upon the temperature and time of heating during the preparation. 
It is only after the product is heated for some time at about 550°C. 
that a definite and constant vapor pressure is attained.*' The color 
of this material varies from red to violet, but the product is identical 
in vapor pressure, density, and x-ray diffraction pattern with, the 
wolet (Hittorf)** modification, which is best obtained** by crystalliza¬ 
tion from molten lead. It appears, therefore, that the true crystalline 
form is the violet form (phosphorus III) and that the ordinary red 
phosphorus is essentially violet phosphorus,” with perhaps a scarlet 

• ^l^pic fornis of solid materials are referred to as polymorphic forms. 

P. W. Bridgman: J. Am. Chem. Soe., 36, 1344 (1914). 

*• B. C. Brodie: J. Chem. See., 6, 289 (1853). 

•* M. Hittorf: Phil. Mag. (4), 81, 311 (1865). 

“ A. Stock and F. Gomolka: Ber., 4S, 4510 (1909). 

R. Hultgren, N. S. Gingrich, and B. E. Warren: J. Chem. Phye., 8,351 (1935). 
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phosphorus impurity. In violet phosphorus each atom has three 
nearest neighbors at 2.29 A, the next nearest neighbors being at 
3.48 A.” Violet phosphorus has a rhombohedral crystal structure 


and is a non-conductor. 

A closely related material, scarlet phosphorus, is obtained as an 
apparently amorphous, non-poisonous powder of specific gravity 1.87 
by exposing a carbon disulfide solution of white phosphorus to sun¬ 
light,®® by boiling a phosphonis(III) bromide solution of white phos¬ 
phorus for several hours," or by reducing phosphorus(III) bromide 
with mercury at 240®C.” 

BLACK PHOSPHORUS. Crystalline black phosphorus (phosphorus IV) 
was first prepared by Bridgman”- “ by subjecting white phosphorus 
at 200®C. to pressures of 12,000 to 13,000 kg. per sq. cm. It resem¬ 
bles graphite in appearance and flakiness, is an electrical conductor, 
and is insoluble in carbon disulfide. Black phosphorus is rhombohe¬ 
dral in crystal habit. Studies” show the crystal to be of the layer type, 
with each phosphorus atom in a particular layer being 2.18 A. from 
its three nearest neighbors and at a bond angle of 102*. Closest 
neighbors in adjacent layers are 3.68 A removed from each other. 
Binding between layers is thus weaker than that within a particular 
layer Similarities between this structure and the graphite structure 
(p. 665) are striking. Crystalline black phosphorus is not obtainable 
from violet phosphorus. Quite the contrary, heating it to 55U L-. 


converts it to the violet. u;-,»fin£r 

A non-crystalline black modification has been prepared by subjecting 

white phosphorus to high pressures but at lower 
those essential to the formation of the crystalline form » Th's ^ 
rial is transformed to violet phosphorus when heated for a prolo g 
period at 125-C. Its properties have not been well "‘ j d 

The phase relations among the forms of phosphorus are 
in a provisional way in Figure 15-1.- Although most pa ts of th.s 
diagram are selftexplanatory, certain points ^eqn-re emph^.s.^^ Ab g 
rC" the influence of pressure on the melting point “ P 

nhoms is sho^. The triple point involving violet phoephorus he 
L 7 Hence the region marked violet should also embrace that 

marked liquid violet supercooled. However 

gives a material the vapor pressure of which is continue 


« A. Pedler: J. Ch^- Soc., 67, 590 22 ,226 (1903). 

.. R. Schenck and P. Marquart: J. Snc. Chem. Ind.. 83, J/z 

«L. Wolf: Ber., 48, 1272 ,^^00 /.oje) 

.. P. w. Bridgmse: J. ^ 

.. R. B. Jacebs: ]. Ch.m. Phy.., 8. 945 (1937). 
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of the molten o-white form (p. 562); so the liquid region of white 
phosphorus is really the anomalous region. In this region white 
phosphorus is metastable with respect to the solid violet form. It 
seems probable that much of the difficulty is due to the slowness with 
which true equilibria are established. The limited range of existence 
of the black crystalline form is apparent. 

A considerable difference of opinion exists as to which solid modifica¬ 
tion is really the most stable. A variety of evidence suggests that the 



Fio. 15'1. Phase relations for phosphorus. (Not drawn to scale.) 


crystalline black form is the most stable. Jacobs’* has found that the ^ 
heat evolved per atomic weight of phosphorus when the various forms 
react with bromine in carbon disulfide increases in this order; crystal¬ 
line black-commercial red-violet-non-crystalline black-white(a). 
The vapor pressure of white phosphorus is uniformly higher than that 
of violet phosphorus, and at some temperatures, at least, the vapor 
pressure of the crystalline black form is lower than that of the violet. 
Metastable forms are more soluble in general than stable forms. 
This is strikingly illustrated by the enhanced solubility of white 
phosphorus, but comparisons between the violet and black forms are 
difficult to make. White phosphorus is uniformly the most chemically 
r^ctive, and, although differences are not major, it appears that the 
black modification is less reactive than the violet. Reactions with 

point. All these evidences suggest enhanced sta¬ 
bility in the black modification but are admittedly inconclusive. 
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Arsenic, antimony, and bismuth 


Arsenic, antimony, and bismuth are best considered together since 
differences among their modifications are less striking. As with 
phosphorus, the greatest complexities are found in the solid materials. 

Gaseous Stale. In the gaseous state, all three elements exist as 
polyatomic molecules which undergo dissociation at higher tempera¬ 
tures. Arsenic vapor, like the vapor of phosphorus, is tetratomic up 
to 800®C., with dissociation to the diatomic condition becoming com¬ 
plete above 1700“C. The As 4 molecule, like the P 4 molecule, is tetra¬ 
hedral,*^ the measured As—As bond distance of 2.44 ± 0.03 A being 
in excellent agreement with the calculated single-bond radius sum of 
2.42 A. The vapor density of antimony shows that dissociation to 
Sb 2 molecules is incomplete even at 1640®C. Although precise data 
are lacking, it appears that 864 molecules exist at lower temperatures. 
The vapor density of bismuth indicates the presence of equilibrium 
mixtures of the species Bia and Bi, with the percentage- of the latter 
reaching 90 at 2070®C.^® 

Liquid State. Little positive information is available to indicate 
complexity in the liquid states for these elements, although such 


complexity seems probable. 

Solid State. Bismuth appears to be dimorphic in the solid state, 
but the common form is metallic and is comparable to the metallic 
forms of arsenic and antimony. Both arsenic and antimony exist in 

three forms, which may be described as follows. 

YELLOW (a). This form is comparable to white phosphorus and is 
unstable with respect to the others. In this modification, arsemc and 
antimony are cubic, yellow, transparent solids which are soluble in 
carbon disulfide. Yellow arsenic is tetratomic in this solvent, and it 
may be presumed that antimony is too. Yellow arsenic is converte 
into the gray form by heat, and the reaction is catalyzed by ig t or 
by iodine or bromine. Yellow antimony changes to the black form 
in light at -180®C. and in the dark at -90®C. Yellow arsenic is 
formed (like white phosphorus) when the heated vapor of the elemen 
is cooled suddenly. Yellow antimony is obtained by reaction ot 


oxygen OD liquid atibine at 90 

BLACK 03) The black forms of arsenic and antimony are compare- 
ble with amorphous phosphorus. They are somewhat more stable 
than the yellow modifications but are metastable with r^pect 
gray forms. They are insoluble in carbon disulfide. Black arsemc 


»»I. F. Zartman: Phya. Rev., 37, 383 (1931). 

*• A. Stock and 0. Gultmann: Ber., 37, 885 (1904). 
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is formed as a deposit on the cooler surfaces when gray arsenic is 
heated with hydrogen in a glass tube. Black antimony is obtained 
either by rapidly cooling antimony vapor or by oxidizing stibine with 
oxygen at — 40“C. 

GRAY OR METALLIC (y). These are metallic modifications, compara¬ 
ble to black phosphorus and isoraorphous with metallic bismuth. 
These solids have layer structures, with each atom having three equi¬ 
distant nearest neighbors and then three more neighbors somewhat 
farther removed. The interatomic distances are” 


Three neighbors at 
Arsenic 2.51 A 

Antimony 2.87 

Bismuth 3.10 


Tiiree neiglihors at 
3 15 A 
3 37 
3.47 


In these modifications the elements have enhanced densities and are 
electrical conductors. These are the stable forms and result when the 
others are heated. Their properties are essentially those of metals. 


Antimony may be prepared in still another solid form, the so-called 
explosive antimony. This is a black material resembling graphite (sp. 
gr. 5.25 to 6.3), which is stable under cold water but reverts to the 
gray or metallic form on being heated to 200“C. or on being scratched. 
This conversion is exothermic (2.4 kcal. per gram atom) and is com¬ 
monly explosive in character. Some 10 to 15% of occluded antimony 
halide is always present,” and the antimony is amorphous in charac¬ 
ter.”-” It is believed that explosive antimony has a gel-like struc¬ 
ture involving amorphous antimony and an antimony halide and that 
explosion is due to the rapid conversion of the antimony into the 
crystalline form.*'-” Explosive antimony is prepared as a cathodic 
deposit by electrolysis of aqueous antimony(III) halide (chloride pre- 
erred although bromide or iodide works) solutions containing free 
acid at high current densities, using a platinum cathode and an anti¬ 
mony anode. Electrolysis of solutions of antimony(III) chloride in 

condttionr^^^^ explosive antimony under certain 


Oxtorf a9M)'!‘' '«i., p. 457. Clarendon Preaa, 

<• J A Tv® V ‘ (1930). 

J. A* VrinBi Nature^ 181, 760 (1933), 

«C C p""* Soc. (London), A146. 564 (1934) 

c. W. Stdlwell and L. F. Audrieth: J. Am. Ckcm. Soc., 64, 472 (1932) 
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CHEMICAL CHARACTERISTICS OF THE ELEMENTS 

The more important aspects of the chemical behaviors of the ele¬ 
ments in this family are summarized in Table 15-2. It is apparent 

TABLE 15-2 

Chemical Characteristics of Group Vb Elements 
Generfil Equation* Remarks 

xZ + yM -» With metals, particularly the highly electropositive ones. 

Tendency decreases from Z “ N to Z “ Bi. 

2Z +3H,- 2H,Z With N,. 

4Z + 30i-» (Z,0»)t With P, As, Sb, Bi. P gives P*Oic with excess Oj. Nt 

gives NO or NOi. 

2Z + 3Xi -» 2ZXi With P, As, Sb, Bi. ZX» forms with excess halogen with 

P, As, Sb, and Ft, Clt, Br*. 

2Z + 3S -» Z,Si Especially with Sb, Bi. Other sulfides also result with P, 

As. 


• Z = P, As, Sb, Bi specifically and N only if mentioned. 

X* “ halogen molecule. 

that the situation in this family is strictly comparable to that in the 
oxygen family (p. 493) as regards systematic trends. Again the reac¬ 
tions listed are probably most characteristic of phosphorus and the 
heavier members of the family, the behavior of nitrogen being anom¬ 
alous. The marked stability of the nitrogen molecule (p. 560) 
renders nitrogen essentially inert under ordinary experimental condi¬ 
tions and necessitates energetic conditions (heat, etc.) for reactions to 

occur. 


PREPARATION AND PRODUCTION OF THE FREE ELEMENTS 

Nitrogen is recovered on a large scale by the fractional distillation 
of liquid air. Commercial nitrogen always contains small quantities 
of oxygen, which can be removed by passage over hot copper t roug 
chromfumdl) salt solutions, etc., as well as trac^ of the .nert g^eje- 
ments (p 383). Chemically pure nitrogen is obtained from 
" rogen conta ning compounds. For instance, thermal decomp^.- 
"sodium or blrium aside (p. 588) or o.,Wation of -moma h 
cold by chlorine, bromine, hypochlorite, or hypobrom.te ^ 

temperatures by copper(II) oxide, nitrite, or f ^romate y.e ds n^ 
frpp from oxveen. Such procedures are useful on a labora ^ 
only Phosphorus is obtained by carbon reduction of rock P “P 
Sfeium ph^phate) in the electric f-"-e, . ca »emg^a^ ed_^ to 

rrart;:L:i:htr: oTr^^:;^metiS:a. ^v-products com. 

monly by carbon reduction of their oxides. 
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CATENATION AMONG THE GROUP Vb ELEMENTS 

Catenation is the phenomenon of self-linkage among the elements. 
Although it is often regarded as a property peculiar to carbon, it is 
also characteristic to a much lesser extent of elements placed near 
carbon in the periodic arrangement. Examples of self-linkages 
involving the halogens (pp. 445, 455), oxygen (pp. 504-515), and 
sulfur (pp. 518, 543-544) have been cited already, and other examples 
are described in this chapter and in Chapters 16 and 17. Catenation 
can occur only when the atoms involved are electronically unsaturated. 
Except as it is characteristic of molecules of the free elements, it is 
normally limited to elements the atoms of which contain fewer than 
seven electrons in their valence shells (for exceptions, see material on 
the halogens). In general, catenation becomes decreasingly important 
the farther removed the element is from carbon in the periodic table. 

All the elements in the nitrogen family exhibit this phenomenon to 
some extent, but it is most pronounced in nitrogen. No stable simple 
compounds of nitrogen containing nitrogen chains with more than two 
members are known, although certain organic derivatives of the 
hydronitrogens (pp. 573-574) may contain as many as eight mutually 
linked nitrogen atoms. The instabilities of these arrangements are 
associated with the extreme stability of the N=N arrangement, and 
simple chain compounds thus tend to revert to elemental nitrogen. 
Some comparisons among carbon-carbon, nitrogen-nitrogen, phos* 
phorus-phosphorus, and arsenic-arsenic linkages are of interest. 
From the bond energies tabulated in Table 15-3, it is apparent that, 


TABLE 15 3 

Bond Multiplicity among the Group Vb Elements and Carbon 


Bond Type 

1. Carbon 

C-C 

C=C 

CsC 

2. Nitrogen 

N—N 
N=N 
NsN 

3. Phosphorus 

P—P 
P=l> 
PsP 

4. Arsenic 


Bond Energy, 
kcal./molc 

58.6 
100 
123 

20.0 

170 


18.9 


Ratio of Bond Energy 
to That for Single Bond 

1.00 
1 71 
2.10 

1.00 


8.50 


1.00 


Ab—As 

A8=As 

AsbAs 


15.1 


1.00 
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although there is a general increase in going from single to triple 
bonds, the increase is most pronounced with nitrogen. Although 
multiple linkages (because of strain) are points of weakness in carbon 
compounds, they are points of strength in nitrogen compounds and 
are ruptured only by hydrogen reduction. Many instances of nitro¬ 
gen evolution as preferential to the rupture of such linkages charac¬ 
terize the chemistries of the hydronitrogens, azo compounds, azides, 
and hyponitrites. 

With phosphorus, the commonest examples of catenation are in the 
hydride PjHi and in hypophosphoric acid (H 4 P 2 O 6 ) and its salts (p. 
643). With the other elements, organic derivatives of the type 
RiZ—ZRi or RZ = ZR (R = alkyl or aryl, Z =*As, Sb, Bi) may be 
cited as examples. 

SOME SPECIAL PHASES OF NITROGEN CHEMISTRY 

A number of phases of nitrogen chemistry can be treated advan¬ 
tageously as more or less special topics. No claim can be made that 
the ones here considered are all inclusive, but they are all either impor¬ 
tant or of general fundamental interest. 


The nitrogen system of compounds 

It has been shown in the preceding chapter that water may be 
regarded as a parent for a system of compounds. Such a system, the 
familiar oxygen system, is the one around which much of our present- 
day approach to chemistry has been built. The similarities between 
oxygen chemistry and nitrogen chemistry, and particularly the simi¬ 
larities between water and ammonia which have been pointed out m 
Chapter 10, indicate clearly that an entirely analogoiw system of 
compounds based upon nitrogen may be devised. It is largely to 
Cady, Kraus, and especially Franklin, whose excellent monograph 
exploits these concepts so thoroughly, that credit for developing t e 

nitrogen system is due. . 

The nitrogen system of compounds is based upon equivalen gr p 

containing nitrogen and oxygen (p. 340). Thua the 
(-NH,) is the analog of the hydroxide group (-OH), and m 
=NH) and nitride (=N) groups are both analogs of the 
(=0).‘ Substitution of nitrogen-containing groups for equ 
« E. C. FraDklin; Tht Nilrogm SysUm of Compounds. Rcmhold Publishing 

Corp., New York (1935). as ao analog of the 

• It ia debatable whether the imidc group should be r g 8 

involved. 
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oxygen groups gives the nitrogen system analogs of the familiar oxygen 
system compounds. Compounds derived from water are called aquo 
compounds. Similarly, these derived from ammonia are called 
ammono compounds, and those derived from both hydrides are aquo- 
ammono compounds. 

Analogies between the two systems are made more apparent by the 
summation in Table 15*4.*^ Compounds which fall in a given hori- 


TABLE 16 4 

Comparison op Oxygen System and Nitrogen System Compounds 


General Classes 

Aquo 

Compounds 

Aquo- 

Ammono 

Compounds 

Ammono 

Compounds 

1. Inorganic compounds 




Metal hydroxides, oxides vs. 

LiOH 


LiNH, 

amides, imides, nitrides 

CaO 


Ca,N, 


A1,0,eH,0 


AlNyNH, 

Acids, acid oxides vs. acids. 

HONO, 


HNNN 

acid nitrides 

MONO 


HjNNNH 


(HO),PO 


(H,N),PN 

1 

HOPO, 


HNPN 

1 

Hoa 

^HO),SO, 

HOSO.NH, 

(H,N),SO, 

H,NCl 


a,o 

1 

a,N 

Salts vs. salts 

CO, 


(CiN,), 

KNO, 


KN, 


HgOHa 


HgNH,a 


K,(Zn(OH)d 


(K,IZn(NH,)d) 

Miscellaneous 

K,CO, 


K,CN, 

HOOH 

HONH, 

HiNNH, 

Organic compounds 




Alcohols vs. amines (primary) 
Phenols vs. aromatic amines 

CH,OH 

C.H,OH 


CH,NH, 

C.H,NH, 

(primary) 



Ethers vs. amines (second¬ 
ary, tertiary) 

(C,H,),0 


(C,H,),NH 

Carboxylic acids vs. acid 
amides, amidines 

CH.COOH 

CHiCONH, 

CH,C(NH)NH, 

Acid anhydrides vs. nitrUes 
Salts vs. salts 

(CH,C0),0 

CHiCOOK 


CH.CN 

CH,C(NH)NHK 


zontal line in this table are not only formal analogs but also bear close 
stnking m many cases when water solutions of aquo comoounHs 

compared with ammonia solutions of the ammono’ an2;‘^“(;;:^3r;! 
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312, 344-352), Further analogies may be seen in a comparison of the 
derivatives of carbonic acid** and sulfuric acid** summarized in terms 
of hydration-dehydration, ammonation-deammonation, and hydrol- 
ysis-ammonolysis schemes in Tables 15-5 and 15'6. The relations in 


OH 

/ 

\ 

OH 

carbonic 

Acid 


NHi 

_ — ■ 

HtO 


H.O —HiO 


CO, 

carbon 

dioxide 


TABLE 15-5 

Nitrogen Derivatives or Carbonic Acid 


NH, 

/ 

C=0 

\ 

OH 

e^rbftmic 

ftcid 


NHs 

HiO 


NH, 

\ 

NH, 

urea 


NHt 

HtO 


H,0*\^H,0 NH.^—NH, 

^ HNCO ' 


bocyftnic 

•eid 


NH, 

/ 

C=NH 

\ 

NH, 

fuanidine 


—NH, 
' NH, 


H.NCsN 


cyanamida 


NH 

H 


~NH, 
iCN) 


dtcyiCkimid« 


NH 


^NHi 


(CiNi), 

ctrbon nitride 
polymer 


OH 

S^, 

\ 

OH 

iuUuric 

acid 


TABLE 156 

Nitrogen Derivatives of Sulfuric Acid 


NH 


H:0 


NH, 

/ 

SO, 

\ 

OH 

sullainio 

acid 


NH, 

11,0 


NH 


NH 


—NH, 


HN(SO,OH), 

iniirlodbulfooic 

Acid 


NH, 

/ —NH, 

SO, 

^NH, 

sulfAmide 

NH.II-NHi 
HN(SO,NH,), 

iinidodbulfoDAcnide 


HN===SOi 


iilfimide 


I 


NH 


II- 


NU 


N(SOtOH)i 

aMiineUbuUonic 
ur nitriloeuUoDie 
acid 


N 

/ \ 

0,S so, 

ni NH 

\ / 

S 

0 , 

trifulfimide 


these tal)les are more formal than actual, ™y the schemes 

compounds are necessarily preparable ^ nitric a. id 

outlined. It may be pointed out also that the 

..E, C. Franldim e/Ch. X. ReinhoM .Mb- 

EAukr'^eTh, mIsvc^.! H. H. Sialor, and M. J. Budcr: Chain. Ran , M. 49 

(1940). 
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The Hydronitrogens 

(aa aquo acid) has a striking parallel in the reduction of hydrazoic acid 
(an ammono acid). This is apparent in the schemes 

HNO, HNO, ({HO),NH) HONHj NH, 

oitrio Ditrou* dibydroxylimine hydroxylftmm« 

ftcid Mid 

HNNN HiNN=NH ^ (H,N),NH HjNNH, NH, 

bydmoic tri&seo« triaxane hydraiine ftmmooU 

Mid 

Other equally striking analogies suggest themselves. 

The nitrogen system of compounds is of particular importance both 
in inorganic and in organic chemistry. Proper appreciation of the 
analogies existent between the oxygen and nitrogen systems does 
much to fit many apparently unrelated materials into a unified picture. 
Such analogies have often been used to advantage in relating the two 
systems. 

The /lydronitrogens 

Catenation among nitrogen compounds is most striking in the 
hydronitrogens. These compounds are nitrogen analogs of the hydro¬ 
carbons,^’ but, unlike the hydrocarbons, the hydronitrogens are known 
largely in the forms of their organic derivatives rather than in the 
free state.' Such derivatives are most commonly considered to be 
organic compounds, and as such have been discussed largely in terms 
of the organic substituents rather than in terms of the nitrogen chains 
which they contain.^’ Consideration of these chains should prove 
profitable. 

The hydronitrogens may be classified into four series analogous to 
the homologous series of the aliphatic hydrocarbons. The general 
characteristics and memberships of these series are indicated in Table 
It is at once apparent that no cyclic compounds are involved. 

Of the saturated hydronitrogens, only ammonia and hydrazine are 
of particular importance. These are considered below in some detail. 
Triazane and tetrazane are known only in the form of their organic 
derivatives. In the N„H„ series, all members except the two azides 
we characterized by the presence of nitrogen chains possessing a 
single double bond. The two azides really have no place in the clas¬ 
sification since they are salts. The simplest member of the series is 
Itself unknown, but its organic derivatives are the familiar azo com¬ 
pounds. Triazene is obtainable in aqueous solution by reduction of 

F. Audrieth: J. Chem. Education, 7, 2055 (1930). 
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TABLE 15-7 

Classification of the Hydronitrogens 


Com- 

|ound 

Nanie(8) 

Structural Arrangement 

1 

Stability 


1. Saturated Hydronitrogens, N«H,+t 



ammonia 

H,N 

free 

NsH« 

hydrazine (diamide) 

H,N—NH, 

free 

•NiH, 

triazane (prozane) 

H,N—NH—NH, 

derivatives 

N\H. 

tetrazane (buzane, 
hydrotctrazine 

H,N—NH—NH—NH, 

derivatives 


2. Unsaturated Hydronitrogens, 


N.H* 

diimide 

HN=NH 

derivatives 

NiH. 

triazene 

(diazoamine) 

HN=N—NH, 

derivatives 

N.H. 

tetrazene (tetra- 
zone, 2»tetrazene) 

H*N—N=N—NH, 

derivatives 

1 


isotetrazeoe (buz- 
ylene, diazohydra- 
zine, 1-tetrazene) 

HN=N—NH—NH, 

1 

derivatives 


ammonium azide 

: NH.-*-N,- 

free 

N,H, 

1 hydrazinium azide 

N,H»*N,- 

• 

(free?) 

1 


3. Unsaturatcd Hydronitrogens, 


N,H 

N4H,(?) 

hydrogen azide, hy¬ 
drazoic acid, azo- 
imide, hydronitric 
acid 

diiminohydrazine 

HN=NsN 

free, salts 

n IN —IN—IN —IN li 

derivatives 

N,H, 

bisdiazoamine 

HN=N—NH—N=NH 

N,H.(?) 

bisdiazohydrazine 

HN=N—NH—NH—N=NH 



4. Unsaturated Hydronitrogens, 


NJL 

octazotrienc (octa- 

HN=N—NH—N=N—NH—N=NH 

derivatives 


zone) 


1 


ammonium azide but cannot be isolated in the pure condition. The 
tetrazenes are known as organic derivatives. In the series, 

hydrazoic acid is the most important member. Its chemistry is also 
outlined below. Organic bisdiazoamino compounds are well charac¬ 
terized, but no derivatives are known for the other two materials. 
Unstable organic octazotrienc derivatives are the only known e.xam- 
ples for materials in the series 
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Ammonia and its derivatives 

Certain phases of ammonia chemistry, particularly those relating 
to solvent systems (Ch. IX, X), have been explored already. In this 
connection the physical constants of ammonia have been compared 
with those of water and other water-like solvents (Table 10-3, p. 341), 
and many of the chemical reactions of ammonia (in the liquid state) 
have been described (pp. 349-352). Ammonia has been considered 
also in relation to hydrogen bonding (pp. 188-191) and as an important 
donor in the formation of Werner complexes (Ch. VII). This informa¬ 
tion should be reviewed as a supplement to the current discussion. In 
comparison with the corresponding hydrides of the other members of 
the nitrogen family (pp. 621-623), ammonia is the most highly asso¬ 
ciated, the most stable with respect to thermal decomposition into its 
elements and thus the most readily formed, and the most strongly 
basic. Alone of these hydrides, ammonia forms stable salts containing 
Zfii*' ions (see p. 622 for comparisons of ammonium and phosphonium 
compounds). The ammonia molecule is pyramidal in shape (p. 201), 
with a height of 0.360 A, an N—H bond distance of 1.016 A, an 
H—H distance of 1.645 A, a bond angle of 109", and a dipole moment 
of 1.46 X 10“‘* e.s.u. This structure may be regarded as tetrahedral 
with a pair of electrons occupying one tetrahedral position. In the 
ammonium ion, the fourth hydrogen then gives the true tetrahedral 
arrangement. 

Ammonia is prepared technically by direct synthesis from the ele¬ 
ments at elevated temperatures and high pressures and in the presence 
of suitable catalysts by a number of variations of the process first used 
successfully by Haber.**-” Suitable conditions involve equilibration 
at 400" to 600®C. and 100 to 300 atm. with an iron-iron(II and III) 
oxide-potassium aluminate catalyst. Because, the reaction is exo¬ 
thermic, extremely high temperatures must be avoided, but some opti¬ 
mum temperature is required for necessary activation. Ammonia is 
also obtained in smaller quantities by hydrolysis of calcium cyanamide * 


CaNCN -f 3H,0 -► CaCOi -b 2NH, 


with dilute sodium hydroxide solution at lOO^C.” and as a by-product 

of the coke industry. In the laboratory, it is made most conveniently 

by treating an ammonium salt with a strongly basic metal oxide or 
hydroxide (e.g., CaO, NaOH). 


*• J. E. Crane: Ind. Eng. Chem., 32, 795 (1930). 

« H. A. Curtis: Fixed Nitrogen. Chemical Catalog Co., New York (1932). 

2% cyajiaimde w made by heating calcium carbide (CaC,) mixed with 

2% or more calaum fiuonde m 99.8% (or better) nitrogen at 900» to 1000“C 
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Ammonium Compounds. Neutralization of ammonia, either gaseous 
or aqueous, with protonic acids gives ammonium salts. These com¬ 
pounds are closely comparable with the corresponding alkali metal 
salts in their solubilities and crystal structures. The resemblance to 
potassium and rubidium salts is particularly striking, probably because 
the radius of the ammonium ion (1.43 A) is nearly the same as the radii 
of these ions. Ammonium salts and potassium or rubidium salts are 
commonly isomorphous. Ammonium salts are commonly readily 
soluble in water, important exceptions being the hydrogen tartrate, 
hexanitrocobaltate(III), hexachloropIatinate(IV), and perchlorate. 
Soluble ammonium salts usually crystallize anhydrous. The halides, 
except the fluoride, crystallize in the sodium or cesium chloride lattices. 
The fluoride has the wurtzite (p- 133) lattice, each nitrogen being 
surrounded tetrahedrally by four fluorines and each fluorine by four 
nitrogens, with hydrogen bonds between the two kinds of atoms. 
This re-emphasizes the limitation of hydrogen bonds to highly elec¬ 
tronegative atoms (p. 188). The nitrate is of interest in that five 
polymorphic solid forms are well characterized.^' 

Ammonium salts are uniformly unstable with respect to heat. The 
nature of the thermal decomposition is dependent upon the anion 
present. Ammonium salts containing non-oxidizing anions (e.g., 
halides, COa"® and S~®) yield ammonia as one decomposition product. 
Ammonium salts containing oxidizing anions (e.g., NOj', NOr, and 
CraO?"®) yield some oxidation product of ammonia (e.g., nitrogen or 
one of its oxides) as one decomposition product. Particular attention 
has been focused upon the thermal decomposition of ammomura nitrate 
because of several disastrous explosions which have involved this 
material (e.g., in Oppau. Texaa City). The compound decomposes 

rapidly when heated, and at high temperatures .t J*'' 

presence of any oxidizable material increases the hazard. Ammomu 
^ "ate is used'as an explosive, particularly in adn.i.xture w. alum - 
num or trinitrotoluene. As pointed out in an ear her chapter (pp. 

332-333), ammonium salts are high-temperature aci s^ ^ 

Amides, Imidc., and Nitride.. Am.des, .m.des, “"d f ndes are 
rpl-ited to ammonia via the successive replacement of hjdiogen 

W. Zachariasen: Z. ’ J Chem. Soc.. 6i, 2766 

S. B. Hentlrirks. K. Posnjak, aod F. C. Kracek. J. a 

(1932). 
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are bases in ammonia and are the ammono analogs (p. 571) of the metal 
hydroxides and oxides. 

The chemistry of the metal amides has been reviewed extensively 
by Franklin^^ and by Bergstrom and Fernelius.^* The alkali and alka¬ 
line earth metals and a few others (e.g., Ag, Zn) form amides. These 
compounds are comparatively high-melting, crystalline solids which 
are ionic in character. The potassium, rubidium, and cesium com¬ 
pounds are readily soluble in liquid ammonia, the sodium compound 
is less soluble, and the lithium compound is practically insoluble. 
Liquid ammonia solutions of potassium amide are commonly employed 
for the preparation of insoluble derivatives of other metals. Just as 
aqueous potassium hydroxide may precipitate either hydroxides or 
oxides (the latter because of spontaneous dehydration) so also ammonia 
solutions of potassium amide may precipitate amides, imides, or 
nitrides (the last two because of deammonation). Dissolution of these 
precipitates (e.g., with Zn) in excess potassium amide may occur 
because of amphoterism. Fused alkali metal amides dissolve metals, 
attack refractory silicates, and are attacked by sulfur, carbon, etc. 
In contact with water, they are hydrolyzed to ammonia and the 
corresponding hydroxides. Of the amides, the sodium compound 
(often called merely sodamide) is most widely used, particularly in 
organic syntheses. It is readily obtained either by reaction of gaseous 
ammonia with molten sodium" or by reaction of liquid ammonia with 
sodium in the presence of an iron catalyst and a sodium peroxide 
promoter." These methods may be applied to the preparation of 
other alkali metal amides. Reaction of an alkali metal with ammonia 
to give an amide and hydrogen is comparable to reaction of the metal 
vdth water, but is immeasurably slow except under the special condi¬ 
tions mentioned. With liquid ammonia, iron (formed by reduction 
of an iron compound by a solution of sodium in liquid ammonia) is 

most effective as a catalyst, although cobalt, nickel, platinum, or 
even silver can be employed. 

Metal imides are less well characterized than either the amides or 
the mtrides. Typical imides are those of lithium and lead. Their 
properties are similar to those of the amides. Nitrides of the majority 


(193^) ^ ®«''Kstrom and W. C. Fcrnelius: Chtm. Revs., 12, 43 (1933); 20, 413 



578 


The Nitrogen Family 


Ch, IS 


of the elements, both metals and non-metals, are known. Their 
properties ^■ary widely and are determined very largely by the linkage 
imposed by the element which is combined with nitrogen. Like the 
hydrides, the nitrides may be classified as ionic, covalent, or metallic 
(interstitial).** 

IONIC NITRIDES. These nitrides are apparently derived from tri¬ 
negative nitrogen (N-®) and are characterized by the usual valency 
formulae. They are formed by lithium, copper(l), all of the Periodic 
Group II metals except possibly mercury, and thorium. These 
nitrides are crystalline compounds and have high melting points. 
They are hydrolyzed by water to hydroxides and ammonia. Lithium 
nitride (LijN) has a hexagonal structure with one-third of the lithium 
ions having two nitrogens at 1.94 A and the others three at 2.U A. 
The nitrogens have two lithium neighbors at 1.94 A and six at 2.11 A.* 
Nitrides of the MjN, type are often anti-isomorpkous with oxides of 
the type MiOa, metal atoms occupying oxygen positions and nitrogen 
atoms occupying metal positions in the oxide structures. The same 
is true of metal phosphides and arsenides. Although exact data sup¬ 
porting the presence of ions are lacking, it appears that the N ion 
(radius 1.4 A) is present. No other simple tnnegative ion is known 

the reduced electronegativity of phosphorus making the 

p-‘ ions in corresponding phosphides highly unlikely. The loni 

nitrides are obtained either by direct union of the f ^ ^ 
deammonation of the amides at elevated temperatures (e.g., 

~*cov1lent nitrides. The covalent nitrides embrace the volatile 
ones derived from non-metallic elements such as hydrogen carbon 
silicon phosphorus, chlorine, fluorine, etc., and the non-volatile ones 
t ved from such broup III elements as boron and aluminum^ Th 
vXtile nitrides are discussed individually in other sections of this 
S r or in other chapters. They are covalent compounds, _th 

formulas of which follow from 

non-volatile nitrides of boron and of carbon, 

(p 213), the structures of which are compara whereas the 

?hus boron nitride has the graphite 

nitrides of other Group Ulb J This condition arises 

which is very much like that of t ^ ^ ^ 

because of the "corresponding phosphorus, arsenic, anti- 

.. A.’ F. Wells: S,r«c,urcl Inorganic ChemMy. 2nd Fd., pp. 476-480. Oaren 
Press, Oxford (1950). 
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The nitrides of the Group III elements are discussed in Chapter 17 
(pp. 757-758). 

INTERSTITIAL. OR METALLIC NITRIDES. The transition metals of 

Periodic Groups Ilia, IVa, and Va form nitrides of the type MN 
(M=Sc, Ce, La, Pr, Ti, Zr, Hf, V, Nb, Ta), and other nitrides (M 02 N, 
WjN, Mn<N, Fe 4 N) result from closely related metals. These com¬ 
pounds in general crystallize in the cubic system with sodium chloride 
structures and are often (especially those of Group IV and V metals) 
characterized by extremely high melting points, extreme hardness 
(Table 15-8), metallic conductivity, and metallic luster as well as by 


TABLE 15-8 

CHARAfrrtcRisTrcs OF Interstitial Nitrides 


Nitride 

Radius 

Ratio, 

Rn ; Rm 

Density, 

grams/cc. 

Melting 

Point, 

•K 

1 

Hardness, 

Mohs’ 

Scale* 

Tempernture of 
Supcrconiluctivity, 
•K 


* 

0.49 

5.18 

3220 ± 50 1 

8-9 

1.2-1.6 


0.45 

6.93 

3255 ± 50 ' 

8* 

9.45 

mm 

0.53 

5.63 

2570 ! 

9-10 


NbN 

0.49 

8.40 

2570 

8* 


TaN 



3360 ± 50 




•On Mohs’ scale, the following hardness values are used: 10 (diamond), 9 
(ruby, sapphire), 8 (topas), 7 (quartz), 6 (feldspar), 5 (apatite), 4 (fluorite), 3 
(calcite), 2 (rock salt), 1 (talc). 


chemical inertness. They are true interstitial compounds (p. 221), 
with nitrogen atoms occupying the interstices in the metal structures. 
Many are closely comparable in their characteristics to the interstitial 
carbides (p. 669) and borides (p. 769) and to lesser extent to the inter¬ 
stitial hydrides (p. 411).“ Metallic nitrides are made by heating the 
powdered metal in nitrogen or ammonia at 1100° to 1300°C., by heating 
metal filaments in nitrogen, or by heating a carrier filament (e.g., 
Pt, W, or C) in a mixture of nitrogen and metal halide vapors and 
^bsequently removing the carrier by high-temperature volatilization. 
The last procedures yield single crystals. The first yields powders 
which must be compacted and freed of impurities by vacuum sintering 
above 2500°C. It must be emphasized that, although the formulas 
given are stoichiometric, they may deviate slightly from true stoi¬ 
chiometry. Furthermore, certain of the elements form more than a 
single nitride (e.g., MnjNj, etc.). 

«K. Becker: Phys. Z., 84, 185 (1933). Review of nitrides, carbides, borides. 
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I'nfortunalely, fitting all known nitrides into these three classes is 
clifi'n-ult for lack of detailed structural information. The same trends 
in properties as are encountered in other binary compounds containing 
small non-metal ions or atoms are discernible among the nitrides. 
These are well illustrated by the nitrides of the elements in the first 
long period,^' where transition from ionic through metallic to covalent 

binding parallels increase in atomic number. 

Hydroxylamine. The water-like character of hydroxylamine and 
its characteristics as a solvent and as a parent substance for a system 
of acids and bases have been discussed in Chapter 10 (pp. 341, 352). 
Pure hydroxylamine undergoes thermal decomposition above 15 C. 
to ammonia, water, and a mixture of nitrogen and nitrous oxide. At 
elevated temperatures, this decomposition is so rapid that it is often 
explosive. The pure compound must be kept at O^C. to prevent 
decomposition. Aqueous solutions of hydroxylamine are more stable, 
particularly those below 60% concentration. Because of this tend¬ 
ency toward decomposition, hydroxylamine is ordinan^ handled as a 
hydroxylammonium salt, such as the chloride, NH.OH-C1-. Aqueou 
solutions of hydroxylamine are neutralised read.ly by “'i; 

acids, although the basic strength of hydroxylamine ^ ^ 

is somewhat less than that of ammonia - 1-8 X 0 ). 
Hvdroxvlamine is the aquo-ammono analog of hydrogen pe 

In a sense, therefore, it is not surprising that the 

both oxidising and reducing properties. These are md.cated for 
acidic solutions by the couples 


NH,OH+ 

2 NH,OH+ 

2NH,0H+ 


N.H.+ + 2H,0 ^2NH.OH* + H+ + 2e- 
NH.+ + H.0 NH.OH^ + 2H* + 2e- 

+ 2H+ + H,0 +e- 

N,0 + 6H+ + HiO + 4e- 
- H.N,0. + 6H^ + 4e- 

and for alkaline solution l)y the couples 

N.H. + 20H- ^2NH,OH + 2c- 
NH, + 2011- ^ NHjOII + H,0 + 2«- 
2NH,0H + 20H- N. + 4H=0 + 2c- 
2NII,0H + 40H- ^ NSO + 5H=0 + 4c- 
- 2NH.OH + 60H- N>Or' -b 6H.0 + 4c- 

R. Juzr: Die 68. 2.'> 


^ -1.35 
= 1.87 
= 0.05 volt 
« -0.44 


£1 


29n 


= —0.74 volt 
= -0.42 
= 3.04 volts 
= 1.05 
= 0.73 volt 
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Even though these potentials would indicate that hydroxylamine is 
a powerful oxidizing agent, it is not reduced by many powerful reduc¬ 
ing agents, although zinc, titanium(III), chromium(II), etc., will 
effect reduction to ammonium ion in acidic solutions and iron(II) does 
the same in alkaline solutions. It appears that the rates of reduction 
are very slow with many materials. Potential data show further that 
hydroxylamine is a powerful reducing agent, particularly in alkaline 
solutions. Many oxidizing agents (noble metal cations, oxygen, 
permanganate, etc.) react with hydroxylamine in either acidic or alka¬ 
line medium, and in the latter hydroxylamine is itself unstable with 
respect to disproportionation into ammonia and nitrogen. Although 
thermodynamically favorable, reactions involving direct oxidation of 
ammonia to hydroxylamine are not practical because the oxidants 
required continue the oxidation to nitric acid. It is apparent from 
the equations given above that removal of one electron converts 
hydroxylamine to nitrogen, and addition of one and two electrons 
converts it to hydrazine and ammonia, respectively. 

Like ammonia and the organic amines, hydroxylamine coordinates 
with many cations. The resulting complexes are somewhat less stable 
thermally than the corresponding ammines but differ from them but 
little in genera) characteristics. Coordination is apparently through 
the nitrogen. The reaction of hydroxylamine with carbonj^l com¬ 
pounds to give oximes is of importance in organic chemistry. 

Hydroxylamine is ordinarily prepared as a hydroxylammonium salt. 
Two methods may be distinguished. The more important of these is 
Tafel's” electrolytic reduction of nitrate ion in, preferably, 50% sul¬ 
furic acid solution. Highest yields result when amalgamated lead 
electrodes are used. The product is recovered as the chloride by 
removal of sulfate with barium chloride, evaporation, and extraction 
with alcohol (in which the chloride is very soluble). The second pro¬ 
cedure is based upon reduction of a slightly acidic (5 X 10"‘ mole H+ 
per liter or less) nitrite solution with sulfur dioxide or alkali metal 
hydrogen sulfite at —5® to 0®C. to hydroxylamine sulfonates (pp. 554 
555) and subsequent hydrolysis of the latter with 0.5 N acid to give 
hydroxylammonium salts. The reactions involved are complex and 
are treated to some extent in conjunction with the discussion on nitrous 
acid (pp. 616-617). According to RoUefson and Oldershaw** the reac¬ 
tion is best effected by treating potassium nitrite (1 mole) and potas- 
rium acetate (1.2 moles) dissolved in ice water containing undissolved 
ice with sulfur dioxide. Under these conditions, potassium hydroxyl- 
aminedisulfonate, (KSO))iNOH, crystallizes out. 

** J. Tafel: Z. anorg. Chem., SI, 289 (1902). 

“ G. K. Rollcfson and C. F. Oldershaw: J. Am. Chtm. Soc., S4, 977 (1932). 


582 


The Nitrogen Family 


Ch. IS 


Free hydroxylamine itself is most readily obtained by treating a 
butanol solution of hydroxylammonium chloride with sodium butoxide 
in a closed system, removing the precipitated sodium chloride, and 
crystallizing the hydroxylamine by cooling the filtrate to — 10®C.®®* 


Hydrazine anil its derivatives 

Largely because of its unusual characteristics as a fuel, hydrazine 
has recently attracted considerable attention, and its properties have 
been explored in great detail.**- Those phases dealing with the 
pliysical and solvent properties of hydrazine and some aspects of the 
hydrazine system of compounds have been discussed in Chapter 10 
(pp. 341, 353-354). Other pertinent information is included here. 

Hydrazine is the ammono analog of hydrogen peroxide, and much of 
its chemistry is closely related to that of hydrogen peroxide. In the 
vapor state,®* the N—N bond distance is 1.47 ± 0.02 A, the same as 
the 0—0 distance in hydrogen peroxide vapor, the N H bond dis¬ 
tance is roughly 1.04 + 0.06 A, and the H—N—N bond angle is 
108 ± 10*^. The N—N bond distance is essentially that given by the 

radius sum. The vapor is monomeric.®*-Raman data and the high 
dipole moment of hydrazine indicate an unsymmetrical arrangement,*® 


H 


N- 


•N 


H 


H 


/ 


In the solid state, the N—N bond distance is 1.46 A, the molecu es 
being held together by hydrogen bonds and arranged in zigzag chains. 
Like the OH groups in hydrogen peroxide, the NH: groups do no 

rotate freely. This structure is supported by a “ 

arrangement found for NN'-dimethyl hydras.ne, CH.NH 

Anhydrous hydrazine, unUke hydroxylamine, is thermally stable. 

: 'S'c.. 

P°"a Gf;,.™°an"v"^homaker: X Am. CHcn. 

» P a’ GiKU^n- and R. L. Rundle: J. Am. Chem. Soc., 63. 1135 

..W G. Penney and G. li. D. M- Sulherlan.i: Tram. Faraday Sac.. SO. 

'‘o ■R';L;^T:a?/w. X C*em. , 18, 506 ,.960,; Arm Cry.,., 

and R. B. Killingsworth: /. Chrm- Ph»-. 1 CMS). 
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It is, however, attacked vigorously by many reagents. It burns in air 
and reacts vigorously with the halogens, thionyl cliloride, sulfur dioxide, 
sulfur trioxide, and the alkali metals. In the liquid state, it is an 
excellent solvent for sulfur** (54 grams of sulfur per 100 grams of 
N 2 H< at room temperature), but slow reaction to liberate nitrogen and 
give a hydrazinium sulfide (N 2 H 4 H 3 S) occurs. Otlier reactions have 
been discussed already (p. 353). 

Anhydrous hydrazine is seldom encountered, aqueous solutions of 
the compound being employed in most rases. A<iucous hydrazine 
is mildly alkaline (A-b.' = 8.5 X 10“’, Ab,' = 8.9 X 10“'®) and form.s 
with acids (HA) two scries of salts, N 2 H 6 ''‘A“ and N 2 Hfi'*^*A 2 “. The 
first series is, of course, the more common: it is represented by the 
chloride, nitrate, etc. Hydrazine gives with water a 1-hydrate, 
N2H4'H20. This material is obtained as a fuming liquid boiling at 
118.5®C. and freezing at —40®C. It may he obtained as a solid phase 
from the hydrazine-water system but, on heating, it dissociates into 
its components. Hydrazine coordinates with ions such as nickel(II), 
zinc, silver(I), and cobalt(II). Hydrazine, as phenyl hydrazine, is 
important in the characterization of organic carbonyl compounds. 

Like its aquo and aquo-ammono analogs, aqueous hydrazine shows 
both oxidizing and reducing properties. This is shown by certain of 
the couples considered under hydroxylaminc (p. 580), together with 
the couples 

2NH4+ ^ NiHi+ -b 3H+ -b 2e- = -1.24 volts 

N 2 HS+ N 2 + 5H+ -b 4e“ = 0.17 volt 

in acidic solution and the couples 

2NH, -b 20H- N 2 H 4 + 2HiO + 2c- = -0.1 volt 

N 2 H 4 "b 40H- N 2 + 4 H 2 O "b 4c- = 1.15 volts 

in alkaline solution. Although potential data show hydrazine to be 
a powerful oxidizing agent in acidic solutions, reactions with many 
reducing agents are so slow that only the most powerful ones (e.g., Zn, 
Ti(III)] reduce it quantitatively to ammonium ion. Obviously, to 
effect the reverse reaction requires a potent oxidizing agent (e.g., Clj). 
Oxidation of hydrazine is readily effected in either acidic or alkaline 
solutions, although the reactions are often involved. Nitrogen is the 
normal oxidation product, although some of the nitrogen often appears 
as ammonia or hydrazoic acid. Hydroxylamine is not obtained by 

*• F. Ephraim and H. Piotrowski: Ber,, 44, 386 (1911). 
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oxidation of hydrazine. Bray and Cuy’° find that one-elertron oxi¬ 
dizing agents give as a limit two moles of ammonium ion and one of 
nitrogen gas in acidic solution and believe the radical NjHj to be a 
first oxidation product. This then yields ammonium ion and nitrogen 
as 

2 N 2 H 3 + 2H+ ^ N 2 + 2 NH 4 + 


Two-electron oxidizing agents yield hydrazoic acid as well, and the 
problem increases in complexity with the more complex oxidants.’* 
The foui-electron change essential to conversion to nitrogen can be 
effected quantitatively only under controlled pH, temperature, and 
concentration conditions. Chlorine, bromine, iodine (at pH 7 to 7.2), 
and iodate (in concentrated hydrochloric acid) are useful quantitative 

oxidizing agents. 

Many other oxidants are reduced by hydrazine solutions. Inter¬ 
esting among these is molecular oxygen. Aqueous hydrazine solutions 
react according to the equation 

N2H4 + 03-^N3 + 2Hi0 


Although apparently simple, the reaction actually appears to involve 
a number of uncharactcrized steps. Hydrogen peroxide is formed as 
one intermediate.” Oxidation of aqueous hydrazine by molecular 
oxygen is catalyzed by metal ions, particularly copper ion. btudies 
have shown the active copper to be in the positive one state and the 
catalytic effect to be decreased or destroyed by materials which either 
precipitate or complex copper(I)Among these are sulfur tluourea, 
ethylenediamine, and potassium ethyl xanthate. It should be men¬ 
tioned also that hydrazine can undergo disproportions ion to nitrogen 
and ammonia, Jt this does not occur extensively in alkaline medium 

in the absence of catalysts (e.g., Pt). n 1 oxidation 

Hydrazine can be prepared by three general method ) 

of ammonia, (2) reduction of compounds 

and (3) miscellaneous procedures involving ammonia or its -Jj"' ^ 

Onlv the first of these is important, but the reduction of "“rates 

li^^trites hyponitrites, etc., by chemical or electrochemical means has 

c.; M E Ei'..'. Sit”V™ 'St I i. 

Cuv' J Am. Ckem. Soc., 46 , 1810 (1924). n928) 

E Kirk ana A. W. Browne: 7. 80. 337 (1928). 

» E C. Gilhert: J. Am. Chem. Soc.. 61, 2-44 0®29 • 

M p; H. Mohr: Doctoral Dissertation. University of Illinois (lOoOl. 
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Hydrazoic Acid and Its Derivatives 

Raschig's procedure,” employing sodium hypochlorite and sodium 
hydroxide in the presence of glue or gelatin. The reactions involved 
may be described by the equations 

NH, + OCl- ^ NH,C1 + OH- 
NHjCl + NH, 4- OH- NMU + Cl" + H,0 

The success of the process depends upon use of large excesses of 
ammonia, thorough mixing of the reactants at low temperatures, and 
rapid heating to ensure reaction between ammonia and chloramine. 
A ^hird reaction, shown by the equation 

NjH* + 2 NH 1 CI Nj + 2NH4C1- 

decreases the yield of hydrazine. This reaction is catalyzed by traces 
of metal ions (especially copper), and glue or gelatin acts as a negative 
catalyst to inhibit this reaction. A laboratory modification of the 
commercial procedure’* converts the hydrazine to a sulfate solution. 
Technically, the material is recovered by fractional distillation as an 
85% solution of the hydrate. 

Anhydrous hydrazine may ^e obtained from the hydrate by dehy¬ 
dration with sodium hydroxide, potassium hydroxide, or barium oxide. 
Refluxing with barium oxide in an atmosphere of hydrogen and dis¬ 
tilling in hydrogen at reduced pressures is effective.’* The hydrogen 
sulfate, N2H4 H 2 S 04 , is converted to the hydrate by distilling with 
aqueous potassium hydroxide. 

Hydrazoic acid and its derivatives 

Hydrogen azide or hydrazoic acid is the ammono analog of nitric 
acid (p. 573) and may be related thus to nitric acid by replacement of 
=0 by —NH and —OH and the other =0 together by =N to give 
a structure 


H—N=N=N or H : N: :N;: :N : 

Experimental data on both covalent and ionic azides indicate 
clearly that the three nitrogens do lie in a straight chain, but significant 
differences in bond lengths are obtained. Thus electron diffraction 
data” on methyl azide (CH.N.) give N—N bond distances of 1.26 A 

” F. Raachig: Ber., 40, 4580 (1907). 

H il n ^dneth and T. T. Nickles: Inorganic Synthc$u, Vol. I, p. 90. McGraw- 
HUl Book Co., New York (1939). 

Shetterly:/. Am. Ckem. Soc., 83, 1071 (1911). 

L. Pauling and L. 0. Brockway: J. Am. Chan. Soc., 69, 13 (1937). 
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and 1.10 A, corresponding closely to the 1.20 A and 1.09 A calculated 
for double and triple bonds, respectively, and are in accord with the 
arrangement 

126A IlOA 



However, in salts, l)Oth N—N distances are the same, x-ray data giving 
values of 1.17 A and 1.15 A for KaNa,^®-” 1.16A and 1.15A for 
KNs,-®-’’ 1.17 AforNH<N3,®“1.18Afor AgNs,"* and 1.12AforSr(N3)a.®“ 
Herzberg et al.“ interpreted the infra-red spectrum of hydrazoic acid 
as indicating the hydrogen to be outside the straight line of the three 
nitrogens, and later Eyster®* showed from infrared data that the 
structure of this material is best represented as 



This is in agreement with electron diffraction data.®' All these data 
may be correlated best by assuming resonance involving the structures 


R : N::N 



and 


R : N : N:: :N : 


the predominate form depending upon whether an azide ion or a cova¬ 
lent azide is considered. For the free acid, the second form is t le 
more important. Structural studies have invalidated early postula¬ 
tions of cyclic structures. . , x • i 

The chara. teristic-s of hydrazoic acid have been rcvicn cd extensively 

by Audrieth.” The lialogenoid character of the azide group has been 

’• S. B. Henilrirks and L. Pauling: J. Am. Chem Sor., 4T, 2904 (1925). 

T»L. K. Frevcl: J- Am. Chem. Soc., 68, 779 (1936). 

•®L. K. Frovel: Z. Krist., 94, 197 (1936). 

81 M. Hassirre: Compi. rend., 201, 7.35 (1035). 

81 F. .1. Llewellyn «n<l F. E. Whitmore: J. Che.n . 

8. G. Herzberg, F. Patnt. and H. Vcrieger: Z. Elekirochem., 41, 522 (1935). 

8« E. H. Eyster: J. Chon. Phys., 8, \35 

8. V. Schomnker and R. Spurr: J. Am. Chem Sor.. 64, 1184 (1942). 

•‘L. F. Audricth; Chem. Rev».. 16, 169 (1934). 
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discussed in Chapter 13 {pp. 403-475). Free hy<lrazoic acid is a 
colorless liquid boiling at 37X'. and freezing at low temperatures to a 
solid which melts at -80X. The volatility of the compound permits 
its separation from aqueous solutions by distillation. In the vapor 
condition, the material is monomeric.®^ In the liquid state some 
association apparently occurs as indicated by the solvent power of 
the liquid for many salts and the resultant formation of conducting 
solutions. Chemically, hydrazoic acid is characterized by its tendency 
to detonate violently when subjected to shock (even when boiling), 
its poisonous nature, its acidic properties, and its reactions with oxidiz¬ 
ing and reducing agents. 

In aqueous solution hydrazoic acid is a weak acid {h/ — 1.9 X 10“* 
at 25®C.). The oxidizing and reducing properties are summarized 
by the couples 

3 NH 4 + HN 3 + 11H+ -H 8 c- = -0.00 volt 

NH 4 + + N, ^ HK 3 + 3H+ -b 2e“ = - 1.82 volts 

HN 3 ;=±^Ni -b 11+ +e- = 2.8 

in acidic solution and 

NH, 4- NjH* + 7011- ^ Na- -b 71UO + Cc" = 0.62 volt 

Nj- fNj + c“ = 3.1 volts 

in alkaline solution. Oxidation of the hydrohalogen acids (except 
hydrofluoric) to free halogens, of many metals, and of many other 
reducing agents (e.g., Ti+*, Sn+*, etc.), is readily effected, nitrogen, 
ammonium ion, and hydrazinium ion being formed in various propor¬ 
tions as reduction products. Although the oxidation potential is 
favorable, oxidation of hydrazoic acid is often slow. Hypochlorous 
acid, nitrous acid, cerium(IV), and iodine (in the presence of thiosul¬ 
fate) oxidize the material quantitatively to nitrogen; but permanganate 
gives a variety of products, and materials such as iron(III) and hydro¬ 
gen peroxide are not effective. 

The azides resemble the halides in solubilities. All azides decom¬ 
pose at elevated temperatures. Explosive decomposition (detonation) 
occurs when the compounds of Igad(II), mercury(II), thallium(I), 
etc,, are struck or heated. These compounds (particularly lead 
azide) are useful in initiating other explosions. The alkali and alka¬ 
line earth metal azides, on the other hand, decompose to the metals 

•* A. 0. Beckman and R. G. Dickinson: J. Am. Chem. Soc., 60, 1870 (1928). 
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and nitrogen when heated above 300“C. without exploding.®® ” 
Recorded decomposition temperatures and yields of alkali metal are: 
Cs, 350"C.,90%: Rb,310°C., 60%; K, 320"C., 80%; Na, 300"C., 100%. 
Because of the reaction of lithium metal with nitrogen (p. 823), the 
lithium compound does not behave in this fashion. The differences 
in thermal behavior among the azides are striking. It is believed”-” 
that the heavy metal azides owe their detonating property to tlie 
presence of crystal imperfections or impurities which provide centers 
at which decompositions may begin. Azide ion behaves as a donor 
toward cations such as iron(III) and copper(II) to give complexes. 

Azides and hydrazoic acid can be prepared in a variety of fashions, 
among the more important procedures being the following: 

Oxidation of Alkali Metal Amides. Molten sodamide can be oxi¬ 
dized with sodium nitrate at 175X., the products being sodium azide 
(65% yield), sodium hydroxide, and ammonia.” Heating liquid 
ammonia solutions of potassium amide and potassium nitrate to I3tl’ 
to 140“C. in a bomb increases the yield to 75%, but the yield with the 
sodium salts by this variant is lower.” An even better procedure, and 
one which is useful commercially, involves reaction of molten soda¬ 
mide (190° ± 4°C.) with nitrous oxide, yields being as high as 90%., 

2 XaNH 2 (I) + N:0(g) ^ NaXa + NaOH + Mh 
Sodium azide is recovered by dissolving the product in water and 

^^^Oxidltion of Hydrazine. Curtius first prepared hydrazoic acid by 
oxidizing hydrazine with nitrous acid” 

NiHs+ + HNOj HN» + H+ + 2H3O 

Acidity is important,” best results being obtained at high acd.t.es 
with solutions prepared from hydrazinium chloride, sodium nitnt^ 
A nrtho-nhosDhoric acid. Other oxidizing agents, among them 

.. .... ...P ““•I' rT'.™ 5“™ 

.. N. K M„u: A139, ATO OO:.:.), 

« W. E. Garner and H. K- natlos. / ror . u .y 
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effective," as are also nitric acid, nitrogen trichloride, and ethyl 
nitrite. 

Many other minor procedures have been described. The prepara¬ 
tion of pure hydrazoic acid is fraught with danger. The material may 
be handled better in aqueous or ethereal solutions. Such solutions 
are obtained by distilling sodium azide-sulfuric acid mixtures, using 
either water or ether as the original medium." 

Binary nitrogen-halogen compounds 

Binary halogen compounds embrace the trihalides, NFs and NCli, 
and the lower fluorides, NFj and NiF,. The pure tribromide and 
triodide are not known, but ammonates, NBr»‘6NHi and NIjtNHi 
( i = 1 to 12, most commonly 1), have been described. Although all 
these compounds are referred to quite generally as halides, it is 
apparent from electronegativity considerations that only the fluorine 
compounds are true halides. The bromine and iodine compounds are 
really nitrides, but the chlorine compound is a purely non-polar 
compound. 

Compounds of the Type NXj. Nitrogen trifluoride is a gas which 
may be condensed to a liquid boiling at — U9®C. and freezing at 
—216.6®C. The latent heat of vaporization of the liquid is 2.4 kcal. 
per mole. The vapor density is normal. Electron diffraction data 
show the molecule to be pyramidal with K—F bond distances of 
1.37 A and FNF bond angles of 102.5®." Nitrogen trichloride is a 
yellow, oily liquid, boiling at around 71®C. and freezing at about 

-27“C. 

Chemically, the trifluoride and the trichloride are distinguished by 
the extreme thermal stability and lack of reactivity of the former as 
compared with the instability and general reactivity of the latter. 
Nitrogen trifluoride is an exothermic compound, whereas the tri¬ 
chloride is endothermic, the molar heats of formation being —26 ± 2 
kcal. and 55.4 kcal., respectively. The N—Cl bond is not an inher¬ 
ently weak bond, but the triple bond in the nitrogen molecule is so 
strong by comparison that nitrogen trichloride is unstable. In 
nitrogen trifluoride, ionic resonance forms overcome this factor and 
promote stability. Nitrogen trifluoride does not decompose on heating 
or sparking, but nitrogen trichloride explodes violently on being heated 

A. W. Browne and F. F. Shetterly: J. Am. Chem. Soc., 31, 221 (1909). 

••L. F. Audrieth and C. F. Gibbs: Inorganic Synihesu, Vol. I, p. 77. McGraw- 
Hia Book Co., New York (1939). 

” V. Schomaker and C.-S. Lu: J. Am. Chtm. Soc., 72, 1182 (1950). 
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above its boiling point or on exposure to ultraviolet radiation. The 
trifluoride is unaffected (except at elevated temperatures) by water, 
alkalies, sulfuric acid, silver, ammonia, methane, acetylene, sulfur 
dioxide, glass (dry), or steel.‘“'^-A reaction 


2NFa + SHtO 6HF + NO, + NO 


accompanied by a blue flame, occurs when the trifiuoride and water 
vapor are sparked. The trichloride reacts readily with water (giving 
ammonia and hypochlorous acid), with alkalies, with hydrogen (giving 
ammonium chloride and chlorine), and with many organic compounds. 
The same differences in activity as those noted between the fluorine 
and chlorine derivatives of oxygen and sulfur are apparent here. 

Nitrogen trifluoride was first prepared*^® by electrolysis in a copper 
cell of molten ammonium hydrogen fluoride (NH4HFJ) at 125®C. with 
a current of 10 amp. at 7 to 9 volts. From the product gases (Hi, NF|, 
N2O, Nj, HF, NHjF, NHFi, and Oj), nitrogen trifluoride was sepa¬ 
rated by a system of absorption and low-temperature condensation 
traps and finally frozen out, together with the substances N2O, SiF4, 
and NH2F or NHFj. These were removed with sodium hydroxide. 
The compound also results from direct fluorination of ammonia, 
nitrogen being added to reduce the vigor of the reaction.'®* Nitrogen 
trichloride can be obtained by action of chlorine on ammonia or an 
ammonium salt, by action of hypochlorous acid on an ammonium 
salt, by electrolysis of ammonium chloride, or by action of phos- 
phorus(V) chloride on nitrosyl chloride. Noyes'®* recommends its 
preparation as a 12% solution in carbon tetrachloride by treating 
aqueous ammonium sulfate solution with chlorine at 10 C. and 
extracting with carbon tetrafhloride. Such a solution is stable. 

The compounds NHjX and NHX, (X = F, Cl) are intermediates 
between ammonia and the trihalides. Only those of the first type 
have been isolated pure, but the others apparently exist. The 
fluoride, NHjF, is a solid subliming at -77°C. (1 atm.).'®* The 
chloride, NHjCI, is a liquid of low vapor pressure, freezing at -66 C. 
The fluorides are more reactive than nitrogen trifluonde; the chl^ides 
are less reactive than nitrogen trichloride. Chloramine, NH2CI, is 
an intermediate in the Raschig synthesis of hydrazine (p. 58.)). U 
decomposes to ammonium chloride and nitrogen on being heated and is 


O. Ruff, J. Fischer, and F. Luft: Z. anorg. atigem. Chem., 172. 417 (1928). 
lo' O. Ruff: Z. anorg. allgem. Chem., 197, 27.3 (1931). 

«« O Ruff and E. Hanke: Z. anorg. aUgem. Chem., 197, 3^5 (1931). 

W. A. Noyes: Inorgar^ic Synthexf, Vol. I. p. 65. McGraw-Hil! Book Co.. 

New York (1939). 
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hydrolyzed readily to ammonia and nitrogen. Organic chloramines 
(e.g., chloramine-T) have been used as germicides. These compounds 
result in the nitrogen trihalide preparations outlined above. Chapin 
finds that in the chlorination of ammonia, NHjCI forms at pH values 
above 8.5, NHCU at pH 4.5 to 5.0, and NCU at pH values below 4.4. 

Reaction of bromine with ammonia at —95®C. and 1 to 2 mm. pres¬ 
sure gives the purple ammonate, NBrj-GNHi, but this compound 
decomposes explosively above -VO^C. to nitrogen, ammonia, and 
ammonium bromide.*®* The intermediate bromamines, NHjBr and 
NHBrj, are formed apparently by action of bromine on ammonia in 
ether, but they have not been isolated. *®“- *®^ Reaction of iodine with 
ammonia at ordinary temperatures gives the 1 -ammonate of nitrogen 
triiodide,*®® but higher ammonates result at lower temperatures. 
The compounds have all the reactions expected for nitrogen triiodide 
—namely, explosive character, hydrolysis by water to hydrogen iodide 
and nitrogen(III) oxide (NjOi), and hydrolysis by alkalies to ammonia 
and hypoiodite. 

Lower Nitrogen Fluorides. Electrolysis of ammonium hydrogen 
fluoride*®® yields small amounts of a difluoride (NFj), a gas boiling 
at about — 125*C. Decomposition of nitrogen trifluoride gives color¬ 
less gaseous N 2 Ft, electron diffraction data on which indicate the 
presence in roughly equal proportions of cis and trans forms 

F F F 

\ / \ 

N=N and N=N 

\ 

F 

with N—F and N—N bond distances of 1.44 A and 1.25 A, respec- 
tively.'®® 

Binary oxygen-nitrogen compounds 

Some eight oxides of nitrogen have been described. These have the 
stoichiometric formulas NjO, NO, NiOi, NOj, N 1 O 4 , N,Oi, NOi, and 
NjOe. Three of these, NO, NOj, and NOi, are odd molecules. Tech¬ 
nically, only the compounds NjO, NO, and NOj are of any particular 
importance. The compounds NtO» and NjOk are the anhydrides of 

*®*R. M. Chapin: J. Am. Chem. Soc., 61 , 2112 (1929); 69 , 912 (1931). 

*** M. Schmeisser: Naturwisseruchaflen, 28, 63 (1940). 

W. Moldenhauer and M. Burger: Ber., 62B, 1616 (1929). 

*" G. H. Coleman, C. B. Yager, and H. Sorooa: Am. Chem. Soc., 66,965 (1934). 

*•• F. D. ChatUway and K. J. P. Orton: Am. Chem. J., 24, 342 (1900). 

*•* S. H. Bauer: J. Am. Chem. Soc., 89 , 3104 (1947). 
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nitrous and nitric acids, respectively. Nitrous oxide (N 2 O) is the 
formal anhydride of hyponitrous acid, but although very soluble it 
does not react with water to form this acid. Available physical con¬ 
stant data for the oxides are summarized in Table 15*9. 


TABLE 15-9 

PpY.sicAi. Constants of the Nitrogen Oxides 


Property 

1 

1 NsO 

NO 

1 

1 

NtO, 

1 

1 

KO, ^ NK)4 

1 

1 NiOi 

1 

NO, 

Mtliiof point, ^C. 

^-90 84 

-181 r>i 

- 101 

-11 2 

41 


Boiling |>oint, ^C. 

-88.51 

-151.74 

1 5 

21.15 

32 5(iujhl.) 1 


Heat o( fusion, kcal./iiuilc 

Heat of vaponJBation. krai./ 

1.5r>8 

0.550 

1 


3 5^)2 

1 1 


mole 

.1.058 

3.293 


o.nu 

13 8 


Heat of fortiiAtion. 


21.50 


7 064 (NOi) 

2 210 (NtOi) 

0 70 (g) 

13.0 

Maitnetie mnniont. Bohr ruag* 


1.837 





oetons 


(2r.'>C.) 

1 

1 




Troulon ronutant 

I 11 4 

, 1 

I 

27.1 


30.0 




Nitrous Oxide or Nitro(jen{I) Oxide (NjO). The infra-red absorp¬ 
tion spectrum of gaseous nitrous oxide*"*' and x-ray diffraction data 
on the solid"® and liquid"* are best interpreted in terms of a linear 
molecule with the two nitrogen atoms bonded to each other, i.e., NNO. 
Electron diffraction data®* confirm the linear arrangement, and the 
dipole moment (0.17 D),"* even though small, indicates an unsym- 
metrical structure. The N—0 bond distance is about 1.19 A and 
the N—N bond distance 1.12 A.®* All these data are in accord with a 
resonance structure involving 

7N::N::0 : and : N:::N : 0 : 


Nitrous oxide is isosteric with carbon dioxide, and the physical prop¬ 
erties of the two materials are closely comparable (p. 21-1). In the 
solid state, the two compounds are completely isomorphous. 

Nitrous oxide is stable and comparatively unreact.ve at ordinary 
temperature. Thus it is inert to ozone, hydrogen, the halogen.s, the 
alkali metals, etc. At elevated temperatures, decomposition to 

... E. K. Plyler and E. F. Barker: 38, 1827 (l'j:il); 41, 300 (1.032). 

Ill IT r T^arkor* Ndtuft* 12®f 132 (1932). 

LdeSmedtand W. 11. Kcesom. Proc. Konink. Akad. Wetemchap. Amsterdam, 

C Sharrah: CAem. PAys., 11, 435 (1943). o /r ^ 1 

H. E Wat«on. G. G. Rao. and K. L. lUma^wamy: Pror.. Rm,. Sae. (L.ndm,). 

A143, 558 n934). 
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nitrogen and oxygen occurs, the rate of de<;omposition becoming 
appreciable above 565®C.. The kinetics of the decomposition are 
complex.^*^ At elevated temperatures, nitrous oxide supports com¬ 
bustion and oxidizes certain organic compounds, the alkali metals, 
etc. The compound is soluble in alkaline solutions but does not form 
hyponitrites. A crystalline hj'drate, Nj0-6H20, can be obtained at 
low temperatures. When inhaled, nitrous oxide produces a mild 
hysteria which is accompanied by anesthetic effects. Its major uses 
are as an anesthetic and as a dispersing agent in cream whippers. 

Nitrous oxide is obtained by controlled reduction of nitrites or 
nitrates, by the slow decomposition of hyponitrites (p. 014), by the 
thermal decomposition of hydroxylamine, and by the thermal decom¬ 
position of ammonium nitrate (p. 576). The last reaction is the one 
most commonly employed, the major impurity, aside from water 
vapor, being nitric oxide. This can be removed with iron(II) sulfate 
solution. 

Nitric Oxide or Nitrogen{U) Oxide (NO). Although the nitric 
oxide molecule contains an odd number of electrons, its properties 
differ significantly from those of other odd molecules. The material 
is colorless in the gaseous state, although in both the li(tuid and solid 
states it is blue. Under ordinary conditions, it shows no tendency to 
dimerize, although in the liquid state association is indicated by the 
high Trouton constant (= 27.1), and in the solid state entropy*'* and 
magnetic*'’-data are consistent w'ith the presence of dimeric mole¬ 
cules (97% dimerization calculated at —163®C.'l*). Infrared and 
Raman data for the liquid and the solid also indicate the existence of 
dimers."* In comparison with other odd molecules, nitric o.xide is 

chemically rather inactive. These characteristics suggest an unusual 
structure. 

The bond distance of 1.14 A lies between radius sum values of 
1.18 A and 1.06 A for double and triple bonds,'** respectively, sug¬ 
gesting resonance. Two electronic structures may be written, 


: N: :0 : 
1 




nao R- E- Burk: Proc. Roy. Sor. (Lotulon), A108, 284 

\la24). 

au‘1 'V. F. Clauqiie: J. /!»;». Chem. Soc., 61, 3194 (1929). 

I' E. Lips: Hclv. Phys. Acla, 8, 247 (1935). 

Bizette and B. Tsai: Compt. rend., 20S, 1288 (1938). 

1 * 0 Keller, and H.L. Johnston:/. Chem.Phys., 19,189 (1951). 
,, . B^uling: The Nature of the Chemical Bond, 2nd. Ed., pp. 266-271, Ck)rnell 
University Press. Ithaca (1940). 
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with stnicture I being the more probable in view of the unfavorable 
charge distribution in structure II. However, small stability differ¬ 
ences permit resonance between the two structures, imparting an 
effective three-electron bond structure (p. 212) 


N: :0 : or : N==0 


to the material.*-" This arrangement stabilizes the molecule suffi¬ 
ciently with respect to structure I that the unusual properties men¬ 
tioned al) 0 \'e result. The small dipole moment (0.16 D) and dielectric 
constant (0.2 X 10"** e.s.u.) of nitric oxide are also in agreement with 
this structure. 

Nitric o.xide is thermally stable. It is an oxidizing agent at ele¬ 
vated temperatures and will support the combustion of materials such 
as phosphorus. It is also reactive toward oxidizing agents, being 
converted to nitric acid by permanganate, to mtrogen(I\) oxide by 
oxygen, and to nitrosyl halides by fluorine, chlorine, and bromine. 
Reaction with, oxygen is important in the technical preparation of 
nitric acid. This reaction proceeds by a third-order mechanism and 
is more rapid and complete at low temperatures than at high tem- 
oeratures. Nitric oxide gives complexes with a number of metal ions 
ind adds to certain metals and metal carbonyls. These reactions are 

discussed below under the topic nffrosyUompounds. 

The formation of nitric oxide is essential to the technical production 
of nitric acid. Direct combination of nitrogen with oxygen is an 

equilibrium process 

Nj + O 2 -b energy ^ 2NO 


I. .hi* .TO-H.k “V"* 

justment to nitrogen and oxygen. A more P 

oxidation of ammonia 

■INH, + 50s — -INO + fiHiU 

V, in the presom-e of platinum (f)stwald proce.«s). In the 

in alkali. , ,, ,20 Mir.mw-Hill Book 

,.i A. Hlancl.aH: Inorganic Syntheses, \ol. II, P- 120. 

Co., New Y<.rk (1‘J16). 
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INORGANIC NiTROSYL COMPOUNDS. A Dumbcr of compounds con¬ 
taining the NO group and derivable directly or indirectly from nitric 
oxide can be distinguished. They are referred to as nitro.syl com¬ 
pounds.’** Because of its molecular structure, nitric oxide might 
enter into chemical combination or form nitrosyl compounds jis: 

1. A positive ion, NO'*’, through loss of an electron. Such a nitrosyl 
(nitrosonium or nitrosylium) cation would probably have the structure 

(:N:;:0:)+ or (: N^O :)+ 

in view of the presence of a triple bond in the excited molecule.’*'’ 

2. A negative ion, NO”, through gain of an electron from some elec¬ 
tropositive material. Such an anion might be formulated as 


(;N::0:)- or (: N=0 :)” 

3. A coordinating group, through donation of an electron pair. 

Such behavior might involve the neutral molecule or the NO+ or NO” 
group. 


It is convenient to classify the inorganic nitrosyl compounds in 
terms of these considerations. 

I. SIMPLE COMPOUNDS CONTAINING THE NO+ GROUP. In a number 
of cases the presence of this group has been established by physical 
measurements; in others its existence may be inferred by analogy.'** 
Among compounds of these types are the following: NOHSO«; (NO)i- 
SiOr; the nitrosyl halides, NOX (X = F, Cl, Br); NOCIO^; NOBF 4 - 

N 0 HSe 04 ; NOReO*; NOSCN; NOSO,F; NOfCrfNH,) ’ 

NOSbF.; NOSbCU; {NO),SnCI,; (NO).- 
Ptci,; NOFeCl,; (NO),|Fe(CN)s(NO)I; NONO,; etc 

Evidence for the presence of the NO^ group in various of those com- 
pounds IS varied. The acidic behavior of certain of these substances 

Ml vn tetroMide as described in earlier chapters (pp. 

325 , 366) indicates the presence of NO^- ions under these conditions, 
gus and Leckie"” cite the following arguments for the existence of 

ul i: Imf m o' 

mo eeules, making removal of an electron comparatively easy (2) 
considered indicative of the presence of the No“group^^t^rtheyTre 

*» W R*" 2S, 441, 542 (1946); 34, 149 (1947). 

gusan A. H.Leckierrrarw. ForodaySoc., 31,958 (1935). 
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comparable with the displacement shown by the isoelectronic Nj mole¬ 
cule and sinfe other observed Raman displacements for these com¬ 
pounds are characteristic of the IIS 04 ~ and C 104 “ ions. (3) Electro¬ 
lysis of a solution of iiitrosyl hydrogen sulfate in concentrated sulfuric 
acid with an iron cathode causes development of the characteristic 
brown color of FefNO)^^ around the cathode, indicating migration of 
the nitrosyl group to the negative pole. (-IJ Both nitrosyl hydrogen 
sulfate and perchlorate give conducting solutions in nitromethane and 
behave as binary electrolytes. (5) Salts of nitrosyl sulfuric acid can¬ 
not be prepared, indicating that the nitrosyl group is the positive one. 

To these may be added other pertinent observations. Sulfuric acid 
solutions of nitrosyl hydrogen sulfate give abnormal molecular weiglil 
data which indicate dissociation to NO+HSOr.'’*'Both nitrosyl 
perchlorate and nitrosyl fluoborate have the same crystal structures as 
the ionic hydronium and ammonium compounds, the XO+ ion being 
larger than the NH/ ion but about the same size as the ‘ 

In non-aqueous solvents such as sulfur dioxide or nitro.syl chloride, 
metathetical reactions and oxidation-reduction reactions involving the 
NO+ group occur.‘=^ Furthermore, cryoscopic*^ and Raman - data 
show clearly that dissolution of the oxides N 2 O 3 and N^O, m sulfuric 
acid gives the KO+ ion in terms of the equations 

N30i-|-3HuS 04-»2N0-^ -bSHSOr + 

N ,04 + 3 H,S 04 - NO+ + NO.-^ + aiisor + 

Dinitrogen tetroxide also dissolves in nitric acid to 

nifrosyl ion.- The ion is solvated by n.trogon d.o.vule to 

halides are essentially eovalen^ompou,,ds as i.^mated 

,,y the data summarised in Table 1510, hut they are ^h'h-teb H- 
Pcrlvips the best indications of their structures aic gnen . 

S’L and dipole moments listed for the ... hr.. 

... A. II.mt^»rh: Z. physik. Chtm 66, 41 (I'lOOI. 

A. lt.o..zs.l, .mU K. Uerger: Z '''J; ■ 

...L, J. KlinkenberB: «er. 'h' “■ ' 

X n. c, ... .v. 

''' .»''n'.''/'Millen: Chnn. .s„, I960, 2620. 

I... J. I). S. Goul.len O. J- y,166, 5r..S llWOl. 

j- rr "r; a».. 

rt'’Ketot:.„r K. 2. Pstewr: 4,„. r*.,.. .e., 69, 2,120 ttOSTt. 
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The measured N—Cl and N~Br bond distances are somewhat larger 
than the sums of the covalent single bond radii of 1.73 A (N—Cl) and 
1.88 A (N—Br), but less than ionic bonds (e.g., 2.64 A for N—Cl 


TABLE 1510 

PuYbicAi. Properties of the Nitrosyl Hai.ihes 


Property 

NOF 

Noa 

NOBr 

Molecular weight 

49.008 

65.405 

109.924 

Melting point, ®C. 

-1.32.5 

-64 5 

-55.5 

Boiling point, ®C. 

-69.5 

-6.4 

ca. 0 

Color (gas) 

Bond distances, A 

colorless 

orange*yellow 

red 

X—0 


2.05 ± 0.01 

2,85 ± 0.02 

X—N 


1,95 ± 0.01 

2.14 ± 0.02 

N—0 


! 14 ±0.02 

1.15 ± 0.04 

Bond angle, degrees 


116 ± 2 

117 ± 3 

Dipole moment, D 


1 83 

1.87 


based upon 1.40 A as the radius of Since the N—0 bonds 

arc intermediate in lengths between double and triple bonds, as well, 
such resonance structures as 


• • 


O:: N 


and *. 0 


• • • 
• « • 





undoubtedly characterize the nitrosyl halides. This view is supported 
by comparison of measured dipole moments with the 0.3 D and 0.4 D 
as calculated, respectively, for purely covalent nitrosyl chloride and 
nitrosyl bromide.*** Both the chloride and bromide are about 50% 
ionic.*” 

Compounds containing the NO'*' group are generally susceptible to 
hydrolysis and must be prepared and preserved under anhydrous con¬ 
ditions. Nitrosyl sulfuric acid, NOHS 04 , is an intermediate in the 
chamber process for the manufacture of sulfuric acid. It may be 
obtained by reaction between fuming nitric acid and sulfur dioxide, 
reaction between nitrogen(III) or nitrogen(IV) oxide and concentrated 
sulfuric acid, or reaction between nitrosyl chloride and concentrated 
^Ifuric acid. A general method of preparation for the nitrosyl halides 
involves direct combination of nitric oxide with the halogen. Nitrosyl 
fluoride also results from reactions of nitrosyl chloride mth silver 
fluonde, nitrosyl fluoborate with sodium fluoride, and nitrosyl hexa- 
fluoantimonate(V) with potassium fluoride. Nitrosyl chloride is 
obtained by reaction of nitrogen dioxide with moist potassium chloride 
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or reaction of nitrosyl sulfuric acid with sodium or hydrogen chloride.*** 
Other nitrosyl compounds of this class are obtained by reactions of 
nitrugen(ll, 111, or IV) oxide with the appropriate acids (e.g., NOCIO 4 , 
XOBF 4 , N 0 Re 04 , N 0 HSe 04 ), by metathesis reactions involving 
nitrosyl chloride or other nitrosyl salt (e.g., NOCIO 4 , NOSCN), or by 
adtliiion of a nitrosyl halide to a halide (e.g., NOPF«, NOSbCU, 
(N()) 2 SnCl 6 ).'^^ Reactions of nitrosyl chloride with oxides and halides 
in licjuid bromine trifiuoride are particularly effective for the prep¬ 
aration of fluorine-containing nitrosyl compounds (e.g., NOPF«, 
{'SOhGeFt, and NOAuF4].*“ 

II. SIMPLE COMPOUNDS CONTAINING THE NO" GROUP. The Only 
reported example of a simple compound of this type is sodium nitrosyl, 
NaNO. This is a white, rather unstable solid which differs distinctly 
in chemical properties and x-ray diffraction pattern from sodium hypo- 
nitrite, which has the same stoichiometric composition.*** Its dia¬ 
magnetic properties suggest the presence of the NO" ion.*” The 
compound is obtained by reaction of dry nitric oxide with sodium in 


liquid ammonia.*** 

III. COORDINATION COMPOUNDS. These are compounds in which the 

nitrosyl group is directly associated with metal atoms or ions.***’**® 
Although the compositions and properties of these materials vary 
widely, it appears best to consider them together under the broad 

heading of coordination compounds. 

This <liscussion might be prefaced by a con.sidcration of the coordi¬ 
nating characteristics of the nitrosyl group.*” Regardless of how the 
group is attached, attachment to the metal is apparently always 
through the nitrogen. This is indicated by the fact that reduc^on 
of a complex such as (Fe(CN).(NO)]-* yields an ammme, [Fe(CN),- 
(NHj)]"*, whereas treatment of the same complex with alkali conve 
it to a nitro derivative, |Fe(CN),(NO,)l-V The existence of volat.le 
nitrosyl carbonyl compounds, such as Fc(XO),{CO )2 (p. COO . an 
the Tmilarities between these compounds and the metal carbonyls 


... G. H. Coleman, G. A. Lillis, and G. E. Gohocn: Inorganic Syn,h»». Vol. 1. 

p. 55. McGmw-Hill Book Co., New York (1039). 

A. A. Woolf: J. Chetii. Soc., I960, 1053. 

E. Zintl and A. Harder: Bfr., 66B, 760 0^3). 

.nl' Pt .r PP hI-. Veda,hnc„„and.nn,, 

Wiesbaden (1048). ... /injo). 

i» F. Seel with W. Ilicber: Z. anorg. allgem. Chem., 249, .i08 (U 1 

HO N. V. SidRwick an<i R. W. li.-iiley: Pror. Itoy. Soc. (Undon), A144, 5 ( 

A. J. F- Welch: .4nn. Reports, 38, 71 (1941). 
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(pp. 700-708) suggest coordination by neutral nitric oxide molecules. 
Such a condition would assume attachment through electron pair 
bonds and because of preservation of the odd electron in the NO 
group would render the nitrosyl carbonyls paramagnetic. They are 
actually diamagnetic. Furthermore, if neutral nitric oxide molecules 
were involved, they should be replaceable by other neutral molecules 
without alteration in compound type. Treatment of nitrosyl car¬ 
bonyls with reagents such as pyridine replaces carbonyl groups rather 
than nitrosyl groups. Also replacement of neutral carbonyl by 
nitrosyl alters the oxidation states in complex ions, for example, 
[Fe(CN)s(CO)l“* goes to (Fe(CN)s(NO)l“*. Coordination by neutral 
nitrosyl groups is unlikely in view of experimental evidence. 

If the nitrosyl group were to add as NO”, it would behave as a halide 
ion. Only in isolated cases are the properties of nitrosyl coordination 
compounds consistent with such behavior. Positive evidence for 
addition in this fashion is available only for the diamagnetic pink 
compounds containing the group (CofNHOf.fNO)]'*’*, where cobalt(II) 
apparently transfers an electron to the NO group.Such compounds 
are actually analogous to the halopentammines, lCo(NHi) 5 X)'^’. 
The same situation niay pertain in the diamagnetic ruthenium com¬ 
plexes, [Ru(NH,),(HiO)(NO)]+* and [Ru(NH,) 4 (Cl)CNO)]+». In gen¬ 
eral, however, coordination by the NO” group is also unlikely. 

Evidences for coordination involving NO'^’are more convincing.'*®- 
This cation is isosteric with the carbon monoxide molecule and the 
cyanide ion, all of which are structurally similar 



:0 


: C:: :0 : 




Corresponding similarities are found among compounds containing 
these materials, for example, in the series Kj[Fe(CN)6(N0)], Ki[Fe- 
(CN)s(CO)], K 4 [Fe(CN) 8 l. In the formation of an NO"*" cation, 
transfer of the lost electron to the metal atom or ion may occur, pro¬ 
ducing a decrease of one unit in oxidation state. The overall oxidation . 
states of nitrosyl complexes are consistent with this view. Thus in 
[Fe(CN)s(NO)l-® transfer of an electron from NO maintains iron in 
the +2 state and consideration of NO as +1 gives the overall value of 
-2. This concept also fits many nitrosyl complexes into Sidgwick’s 
effective atomic number rule (p. 234). The relation 


Q _ JW + 2y -I- 3g 

X 



(15-2) 


where G is the atomic number of the next inert gas, m the atomic 
D. P. McUor and D. P. Craig: J. Proc. Roy. Soc. N. S. WaUa. 78, 25 (1944). 
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luimber of the metal M, and x, y, and z the numbers of groups in 
compounds of the type Mz(A)^(NO), (A = CO, etc.), applies to many 
examples.'*® 

Although the concept of binding involving three electrons accounts 
for the compositions of many nitrosyl complexes, it suffers from the 
general criticism (pp. 232-233) that an unlikely negative charge is 
a<'<*umulatcd by the metal in question. A suitable alternative involves 
a four-electron arrangement 


• • 


M::X::0 : 

where in a formal way the metal in (piesfion acts as both a donor and 
an acceptor. Although ultimate decision as to the correctness of this 
view must await evaluation of M—X bond distances in a number of 

nitrosyl compounds, the concept is a useful one. 

A considerable complexity is apparent among coordinated nitrosyl 
compounds, but the majority of these materials fall into several well- 
defined classes. The following classification'” is a useful one: 

A. THE N'lTROSYL CAKIIO.NYLS .\ND HELATED COMPOI NDS. The only 
definitely established nitrosyl carbonyls are the cobalt and iron com- 
pounds, Co(NO)(CO), and Fe(NO),(CO),. -V.Tcptance of the view 
that eacl. nitrosyl group contrihutes three ele.trons indicates that 
these compounds form a graded series with nickel letracarbonyl (p. 
703), in which .substitution of a nitrosyl group 

panies each decrease in atomic number of the metah ^x^ n 

of tliis view would lead to the complete series Ni(CO)_,, Co(^0)(LU)., 
Fe(NO)i(CO)n Mn(N()).(CO), Cr(NO)., each ° 

,.„ntain a metal with an effective atomic number of 36^ “’“L 

the last two members are unknown, the concept is usefuh Ihe 
physical properties of the nitrosyl carlionyls are compared tho^ 
l,f Lkel Utracarlionyl in Table 1511. The enhanced polarity of he 
nitrosyl group is reflected in the increased melting and boiling poinU 

...J s Anilcrsan with W. Hichcr: Z. anorf. "^1233 0^7). 

0, Brockwav and J. .S- AnHor«n: Trnn.. Fn.aday Sc.. SJ, ( 
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carbonyl group. The cobalt compound is formed when dry nitric 
oxide reacts with dimeric cobalt tetracarbonyl, (Co(COj4l2, when 
cobalt is treated on pumice with carbon monoxide and nitric oxide, 
or when an alkaline suspension of cobalt(II) cyanide is treated first 
with carbon monoxide and then with, nitric oxide.Reaction of dry 
nitric oxide with trimeric iron tetracarbonyl, |Fe(CO)4l>, gives a 
mixture of iron nitrosyl carbonyl and iron pentacarbonyl.**’ 

Related nitrosyls of iron [FeCNO)^] and ruthenium [Ku(NO)« and 
Ru(NO)i) have been reported as products of reactions of nitric oxide 

TABLE J5 11 


PHYSicAt Properties or Carbontl and Nitrosyl Carbonyl Compounds 


Property 

Ni(CO)4 

O(N0)(C0), 

Fe(NO),(CO), 

Molecular weight 

170.73 

172.98 


171.89 

Melting point, °C. 

-23 

-1.1 


18.4 

Boiling point, "C. 

43 

48.6 

110 (cKtrap.) 

Density at 20‘’C., grams per ml, 

1.31 

1.47 


1.56 

Parachor 

255.3 

249.8 


252.5 

Mol. susceptibility, XlO* 

-82 

-46 

V • 


Bond distances, A 





M—C 

1.82 ± 0.02 

1.83 ± 0.02 

1 

.84 ± 0.02 

C—0 

1.15 ± 0.03 

1.14 ± 0.03 

1 

,15 ± 0.03 

M—N 


1.78 ± 0.03 

1 

.77 ± 0.02 

N—0 


1.10 ± 0.01 

1 

.12 ± 0.03 


with the carbonyls Fe(CO)j'” and Ruj(CO)»*^’ These reactive com¬ 
pounds have not been fully characterized, and structural data are 
lacking. 

B. NITROSYL COMPOUNDS OP THE TYPE M‘(NO),Ay. Several different 
types of nitrosyls of monopositive metals may be distinguished: 

1. MeUU nitrosyl hydroxides. Best characterized are the nickel 
compound, Ni(NO)OH, and its alcohol derivatives, Ni(NO)(OR)(OH) 
and Ni(0H)0Rj:R0HH20 [R = CH, (x = 1), CjH, (x = 0)]. 
These strongly* reducing materials are formed when nickel tetracar¬ 
bonyl reacts wth nitric acid in the presence of water or water and 
alcohol.*^* 

2. Metal nitrosyl halides. Compounds such as Fe 2 (NO)«I,, 
FeCNO),!, FeCNO)I, Fe(NO),Cl, Co(NO) 2 X (X = Cl, Br. I), and 
Ni(NO)X (X = Cl, Br, I) are formed when nitric oxide reacts with 

‘**P. Gilmont and A. A. Blanchard: Inorganic Synthae^, Vol. II, p. 239 
McGraw-Hill Book Co., New York (1946). 

W. Manchot and E. Enk; Ann., 470, 275 (1929). 

!u y* J* Manchot: Z. anorg. allgem. Chem., 226, 386 (1936). 

4. S. Anderson: Z. anorg. aUgenu Chem., 229, 357 (1936). 





The Nitrogen Family 


Ch. 15 


appropriate metal halides.^*** Ease of formation decreases in the 
series Fe-Co-Ni and I-Br-Cl. These compounds are thermally 
unstable at elevated temperatures, coordinately unsaturated toward 
donors such as pyridine, and strong reducing agents. Seel suggests*” 
a nitrosyl displacement series, comparable with Grimm’s hydride dis¬ 
placement series (p. 415), in which addition of n moles of nitric oxide 
converts a metal atom into a pseudo-atom n groups to the right in the 
periodic system. Thus in this periodic region one has 

Fe Co Ni Cu 

Fe(NO) Co(NO) Ni(NO) 

Fe(NO)j Co(NO)i 

Fe(NO)a 


Examples of simple Co(NO) compounds are lacking. 

3. Metal nitrosyl thio compounds. A bewildering array of such 
compounds has been described. The true structures of most of these 
compounds have not been elucidated. Although these substances 
appear to contain formally unipositive metals, the exact oxidation 
states of the metals have never been determined with certainty. 
Iron forms a series of derivatives corresponding in stoichiometry to 
the general formula Fe(NO)jSA, where A may be hydrogen or a 
metal, a sulfonic group, or an alkyl or aryl group. *“^ These substances 
appear to be dimeric, and, if iron is assumed to be tetrahedral and 
4 -coordinate, they may be given the structural formulation 



Best known are Rousain’s red salts, M'(Fe(NO):S], where M- = N»+, 

K+ NH 4 + a rather unstable series of compounds obtained m reacUons 

of nitric o’xide with freshly precipitated iron(II) sulfide ^ 

admixture tvith polysulfides). Treatment mth alkali converts them 

to the more stable Roussin's black salts (p. 604)^ 
tives are M'IFc(N0)SS0.1 and ethyl and phenyl compounds 
(NO)iSR. Cobalt and nickel yield materials of 
SSO=)d-‘, [Ni(NO)(SSO.).]-*, Co(NO):SC.H., and ^.{^0)bC.H.. 

... W. Hicber and G. Bader: Z. anarj. 

m W. Hieber and R. Hast: Z. anorg. aligem. Chem., 844, 23 (19 )■ 
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C. NiTROSYL COMPOUNDS OF THE TYPE M"(NO)xAi,. Actua! assign¬ 
ment of a positive two oxidation state to metals in these compounds 
is probably more formal than justifiable on the basis of experimental 
evidence. Absorption of nitric oxide by iron(II) salt solutions up to 
a limiting ratio of iNOilFe-*-® is well known, especially as a basis for 
the familiar brown ring test for nitrite or nitrate. The reaction is 
readily reversed, especially by increased temperature, and loss of nitric 
oxide regenerates iron(II) salts unchanged. Preparation of solid 
compounds is difficult, although the crystalline compounds Fe(NO)- 
HP 04 and Fe(N 0 )Se 04 Hi0 have been obtained. Stable dithio- 
carbamate derivatives, FeCNOXRjNCSi):, and an ethyl xanthatc 
compound, Fe(NO)jCSCSOC 2 Hs) 2 , have been prepared.*^* Althougli 
iron(II) nitrosyl complexes are normally encountered as bro^vn solu¬ 
tions, green and red species have been described also. Tran.sference 
studies show the brown to be cationic, the green anionic, and the red 
neutral in solution. The true nature of such materials is unknown. 
In the presence of free acids, copper(II) salt solutions absorb nitric 
oxide up to a limiting mole ratio of iNOrlCu'’’^ The resulting blue- 
violet solutions are believed to contain a single anionic nitrosyl species. 
Palladium(II) compounds, Pd(NO) 2 Cl 2 and PdfNOlsSOi, form by 
direct absorption of nitric oxide. The nitrosyl ditliiocarbamate 
derivatives of chromium(II), Cr(NO) 2 (R 2 X 082 ) 5 , are also representa¬ 
tives of this class.*” 

D. NITROSYL COMPOUNDS OP THE TYPE M‘"(NO),Ay. This class is 
poorly characterized. An iron(IU) compound, Fe 2 (N 0 ) 2 (S 04 )s, has 
been reported, and it seems probable that the unstable boron halide- 
nitric oxide compounds, B(NO)F3 and B(NO)CU, obtained at low 
temperatures by direct combination of the components,*** are exam¬ 
ples of the class. So also are the red, diamagnetic substances of 
formula Ru(NO)(R 2 NCS 2 )j, where R = CHj, C 2 H 6 . 

E. NITROSYL DERIVATIVES CONTAINING GROUPS OF THE TYPE IMAs- 

(NO)]*’*. Representative of this class are compounds yielding the ions 
■[Mn(CN)s(NO)]-*, [Fe(CN)s(NO)]-», lMoCCN)s(NO)l-*, [Ru(CN)s- 
(NO)]-’, (CofNOjlsfNO)!-*, (Co(NH,)s(NO)J+», lNi(NH,) 6 (NO))+. 
[Ru(NH,) 4 C 1 (NO) 1 +*, [Ru(NH,) 4 (H 20 )(N 0 )]+«, [RuCls(NO)]-*, and 
[OsCU(NO)]-*. Best characterized is the series [M(CN)s(NO)]-", in 
which the iron compounds, or nitroprussides, are the best-known 
examples. They are obtained by treating alkali metal hexacyano- 
ferrate(II) salts with nitric acid. They are useful because of the 
intense violet color developed with sulfide ion (Gmclin reaction) due 
perhaps to formation of [Fe(CN) 3 (NOS)]-S and the red color devel- 
G. R. Finlay: J. Chem. Edueatunt, 24, 149 (1947), 
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oped with sulfite ion (Bodecker reaction), due perhaps to formation 
of [Fe(CN){.(N 0 S 03 ))”*. The corresponding ruthenium complex is 
obtained by an analogous reaction involving the (RufCNg)!"^ ion, 
and the manganese compound is prepared by saturating manganese(II) 
acetate solution containing cyanide with nitric oxide.The dis¬ 
proportionation of hydroxylaminc in alkaline solution has been 
employed for the preparation of the cyano iron, manganese, and molyb¬ 
denum derivatives as well as a similar nickel complex, lNi(CN)3- 

The mixed derivatives (CH 3 ) 4 N(NO)[Fe(CN)s(NO)] 
and (NO) 5 [Fe(CN) 5 (NO)] result from the reaction of tetramethyl 
ammonium nitroprusside and nitrosyl hexachloroantimonate(V) in 
liquid sulfur dioxide.*^* 

Absorption of nitric oxide by cobaltfll) salt solutions containing 
ammonia*^*-gives black and pink compounds, both series of which 
contain the group [Co(NH 3 )s(NO)I+=. The black compounds are 
unstable with respect to the pink and evolve nitric oxide on treatment 
with acids. The pink compounds do not evolve nitric oxide. In the 
black series, only the chloride and iodate are known, but many exam¬ 
ples of the pink compounds have been described. The black com¬ 
pounds are paramagnetic, the pink diamagnetic. The pink compounds 
are believed to contain tripositive cobalt and the NO group.**°- ‘*= 
The black compounds are less well understood, but the assumption 
that they contain dipositive cobalt appears reasonable. 

F MISCELLANEOUS NITROSYL COMPOUNDS. Among these are Rous- 

sin^s black salts,M‘(Fe 4 (NO) 7 S,)l, where M- may be Na\ Rb^. 

Cs+ orTF. Although the exact structures of these compounds 

are not known, it has been postulated'” that each iron is 4-coordinatc, 
with sulfurs acting as bridging groups to link the four iron tctrahedra 
together and nitrosyl groups occupying the remaining positions. 
These substances are obtained by reaction of nitrite and sulhde ions 
with iron(II) salt solutions, by reaction of suspensions of .n>n(U) 
sulfide or of mixtures of iron(II) chloride and alkali metal polysulfides 

with nitric oxide, or from the red salts (p. 002). , . . ... 

Alkaline sulfite'” or dithionite'” solutions absorb nitric o.xide to 


W. Hieber and R. Nast: Z. Nalurforsch. 2h, 321 
W. Ilic-bcr. U. Nast, and E. Procrhel: Z. 

.» W. Hiobcr. U. Na.st. and G. Gehring: ' 

• «F. Sccl and N. H. Walassis: Z. onorg. Chem., 261. So (1.150). 

J. Sand and O. Gcusalor: fier., 36, 2083 (1903). 

A. Werner and P. Karrer: HW. 1. ' 

s. V. Ghosh and P. lUy: J- (1933 

>»E. Weitz and F. Achterberg: Ber., 66B, 1718, 1728 (1.33). 

**® H. Gchlcn. Rcr.,.64B, 1267 (1931). 
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give nitrosyls of the type M,‘S0.-2N0. Reduction to amido and 
hydtazino sulturous acids shows the presence of the N—S linkage, 
and conversion of iron(II) sulfide to Roussin’s black salts by these 
substances suggests the presence of individual NO groups.'” Coordi¬ 
nation of both nitrosyl groups to sulfur, |O^S(NO)l]"^ been sug¬ 
gested. Analogies between these materials and thiosulfates are 

explainable on this basis.'” 

Nitrogen Sesquioxide or Nitrogen{III) Oxide (NiOj). This oxide 
probably exists as such only as the solid at very low temperatures. 
Partial dissociation to nitrogen(II) and nitrogen(lV) oxides occurs in 
the liquid, and in the vapor state at room temperature the material 
is largely dissociated as shown by-studies'®' on the equilibrium 

N,0,(g)^N0(g) -f-NO:(g) 

Condensation of an equimolecular mixture of the compounds NO and 
NOj at -20*0. gives the sesquioxide as a blue liquid. Di.ssolution of 
an equimolecular mixture of NO and NO* gases in alkali gives almost 
pure nitrite. Treatment of nitrite solutions (especially at low tem¬ 
peratures) with acids gives a blue color which disappears as nitric oxide 
is evolved. Nitrogen sesquioxide is thus the anhydride of nitrous 
acid, although when it reacts with water, some nitric acid (due to 
(NOj) is formed. Equivalence of the two nitrogens is shown by rapid 
exchange between **NO and ‘^NOj on mixing.'®* The structure 

. 0 .+ .0 

.N:N* 


has been suggested.'®* 

Nitrogen Dioxide and Dinitrogen Telroxide or Nitrogcn{IV) Oxides 
(NOj and N2O4). These two compounds are related to each other in 
terms of the equilibrium'®* 

2 NO 2 N :04 -h energy 

and must be discussed together. In the solid state the material is 
colorless and diamagnetic and is apparently entirely tetroxide. In 
the liquid and gaseous states brown color and paramagnetism appear 
and are intensified as temperature increases. These are of course due 

F, Verhoek and F. Daniels: J. Am. Chem. Soc., 63 , 1250 (1931). 

*•* E. Leifer: J. Chem. Phys., 8, 301 (1940). 

“»C. K. Ingold and E. H. Ingold: Nature, 159, 743 (1947). 
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to the odd molecule NO 2 . Gas density measurements show that the 
percentage dissociation of the tetroxidc increases from 20 at 27®C. to 
around 90 at lOO^C. It is apparent, therefore, that at ordinary tem¬ 
peratures mixtures are always encountered. 

Absorption spectra data show the NO 2 molecules to be angular with 
an 0—N—O bond angle of roughly 110® to 120®.^®^ More precise 
electron difFraftion studies'®*- '®® give a bond angle of 132 ± 2® and 
an N—0 bond distance of 1.20 A. These are in excellent agreement 
with Pauling’s predictions'*® of ca. 140® and 1.18 A. A resonating 
system involving the throe-electron bond structures (p. 212) 


,• •*/ ^ *, 

.0 O. 

• • 



is consistent with these data and accounts for the observed properties 
of the material. The resonance energy associated with the three- 
electron bond is insufficient to prevent dimerization here, in contrast 
with nitric oxide (p. 213). 

The tetroxide might be assigned the structure 

• • • • • • ^ 

:0::N... +;o; 

’ 0 ; N; 

• • *.* *. 

0 . 

on the basis of its chemical behavior as a mixed anhydride of nitrou.s 
and nitric acids, but a symmetrical arrangement 


0 .+ + 

• • • • 

’ N: N 




is in better accord with spectroscopic data'** for the gaseous materi.i! 
and x-ray'®* and entropy data'*® for the solid. It must be pointed 

G. B. B. M. Sutherland and W. G. Penney: .Vn/ure, 136, Mfi (1035). 

'»»L. n. Maxwell and V. M. Mosley: J. Chen. Fhijs., 8, 738 ‘>•>^0). 

•«S. Claesson, J. Donohue, and V. Schomnker;/. Chen. Phys., 16, 207 (K>» )• 
G. B. B. M. Sutherland: Proe. Roy. Sor. {London), AHl, 342 (I9.G). 

>'» S. n. Hendrirks: Z. Physik, 70, 009 (1931). 

W. F. Giutique an<! J. D. Kemp: J. Chem. Phys., 6, 40 (10.38). 
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out, however, that a planar bridge arrangement 


• • 


O 


0 + 

♦ •+ 

N : : N : 


• • 


O 


« • 

. 0 . 
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is also in agreement with Uaman and infrared data.*’® Although an 
exact decision between these stnniurcs h.-is not been made, the critical 
correlations of Ingold and Ingold'” support the first (non-bridging). 
The solid is cubic (a = 7.77 A) with six N 204 molecules to the unit 
cell.” The N—N and N—O bond distances are, respectively, 
1.64 + 0.03 A and 1.17 + 0.03 A, the O—N—0 bond angle being 
126 ± 1®.*’* In solution in nitric acid, the compound exists as NO+ 
and KOj" ions,'” and in sulfuric acid it gives NO'*’ and NO-j'*' ions.'^* 
The solvent characteristics of liquid dinitrogcn(IV) oxide as already 
discussed should be reviewed (pp. 360-307). At elevated tempera¬ 
tures, nitrogen dioxide undergoes thermal decomposition 

NO2 NO + iO, 

Equilibrium studies show decomposition to be slight at ordinary tem¬ 
peratures but appreciable above OGO^C.*®*'The nitiogcn(IV) oxides 
react with water, yielding nitrous and nitric acids, the nitrou.s acid 
decomposing, especially as the temperature is raised, to nitric acid 
and nitric oxide. These reactions are important, in conjuiudion with 
the catalytic oxidation of ammonia (p. 594), in the technical produc¬ 
tion of nitric acid. Basic oxides react similarly. The nitrogon(l^’) 
oxides are active oxidizing agents comparable in strength to bromine 

2 HN 0 s;=iNi 04 -|- 21i+ -f-2e" “1-07 volts 

2NO + 2IUO NjO* + 4H+ ie~ = -1.03 

and they often react more rapidly than nitric acid. As such they are 
useful in the chamber process for producing sulfuric acid (p. 539). 
They are mild reducing agents 

NsO^ -f 2HsO 2 NO 3 - + 4H'*- -b 2e~ = -0.81 volt 

and are oxidized only by strong oxidants such as permanganate. 
The nitrogen(IV) oxides corrode metals rapidly and arc toxic. 

'’® H. C. Longuet-Higgins: Nature, 163, 408 (1944). 

”* J. S. Broadley and J. M. Robertson: Nature, 164, 915 (1049). 

M. Bodenstein and Fr. Linder: Z. physik. Chem., 100, 82 (1922). 
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Technical production involves oxidation of nitrous acid at moderate 
temperatures, although the N 02 -N 204 mixture so obtained is seldom 
prepared except as an intermediate in the production of nitric or 
sulfuric acids. In the laboratory the material is easily obtained by 
the thermal decomposition of lead nitrate. 

Dinitrogen Pentoxide or Niirogen{V) Oxide (N2O&). In the gaseous 
state, dinitrogen pentoxide (sometimes called nitrogen pentoxide) exists 
as N2O5 molecules, for which a reasonable structure would be 





» 


n:o :n 




Electron diffraction data'” show the N—O—N angle to be 180®. 
The compound exists in the same molecular condition in solution 
in phosphorus(V) oxychloride'” and presumably also in carbon 
tetrachloride, chloroform, and nitromethane,'” as judged from Raman 
data. In solution in sulfuric acid,'” nitric acid,'^*-'” or phosphoric 
acid,*” however, the Raman spectra consist of two new lines at 1050 
and 1400 cm."' These lines are ascribed, respectively, to nitrate 
(NOa-) and nitronium (NOa-*-) ions, showing that in these solvents 
the oxide is dissociated. Inasmuch as the Raman specUum of the 
solid oxide*”-shows the same lines, the solid apparently is nitronium 
nitrate NO 2 + NOj“. Independent, although admittedly not entirely 
conclusive, evidence for the existence of this structure in liquid dim- 
trogen pentoxide is given by the fact that sodium metal reacts with 
the liquid, liberating nitrogen dioxide and forming sodium nitrate. 
Crystal structure determinations show the solid oxide to consist of 
nitronium and nitrate ions, the N-0 bond distance he-ng I I-A ^ 
the NOr- ion and 1.24 A in the NO.- ion.'« Cryo.scop.c data sho« 

W.L. R. Ma.wdl, V. M. Mosley, and L. S. Doming: J. CSen,. 2, 331 

(1934). 

o* P. Walden: Z. anorg. Chem., 68, 307 (1910). 

J. ChCdin: Compl. rend., 201, 552 (1935). 

J. Ch6din: Compl. rend., 200, 1397 (1^5). 

.n B. .Suez and E. Hriner: Helv. Chim. ACa. 18, • 

... C. K. Jngold and D. ,1. MiHen: J. 

... J. Ch6din and J. C. 1‘rndier: Compl. rend., S03, ,22 (1.3( ). 

D. J. Millcn: J. Chem. Soc., i960, 2606^ n 04 '>). 
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the compound to dissolve in absolute nitric acid as a binary electrolyte, 
NO1+NO3-.'” 

Dinitrogun pentoxide is characterized by its volatility and by the 
ease with which it decomposes in the gas(?ous slate according to the 
equation 

N.OsCg) 2X0,(g) + iO,(g) 


This reaction is a classic example of a first-order reaction, the rate of 
decomposition with respect to temperature depending only on the 
concentration of the pentoxide.'*^ Decomposition ks appreciable even 
at room temperature. Dinitrogen pentoxide is converted readily to 
nitric acid by water. The compound is a strong oxidizing agent, 
giving iodine(V) oxide with iodine, nitrogen dioxide with nitric oxide, 
etc. 

The compound may be obtained by oxidizing nitric oxide with 
ozone or by dehydrating 100% nitric acid with phosphorus(V) oxide. 
A convenient modification of the second procedure'*^ involves freezing 
the nitric acid, allowing the phosphorus oxide to react with the melting 
acid in the presence of ozone to remove nitrogcn{IV) oxides, and dis¬ 
tilling in ozone. 

THE NiTRONiuM ION AND NiTRoNiuM co.MPouNDS. Existence of the 
nitronium group in nitrogen pentoxide suggests a further discussion 
of this radical. Interest in the material arose from the w'oll-known 


nitrating action of solutions of nitric acid in concentrated sulfuric acid. 
Such solutions have low nitric acid vapor pressures and are character¬ 
ized by high electrical conductivity and different Raman and ultra¬ 
violet spectra from those of their components. The same is true of 
solutions of nitric acid in perchloric and selenic acids. On the basis of 
analytical, cryoscopic, and ultraviolet absorption data, Hantzsch'®*- 
concluded that, in sulfuric acid, reaction between the solvent and nitric 
acid yielded nitracidium cations such as HjNOi+ and HjNOa+*. This 
conclusion was supported by isolation from anhydrous perchloric 
acid-nitnc acid mixtures of two crystalline perchlorates, of composi¬ 
tions [HjNOdfClO,] and [HsNOjKCIO*)), which behave as salts in 
nitromethane.*®* The existence of cationic nitrogen in such systems 


III y' E. D. Hughes, and C. K. Ingohi: J. Chem. Soc., I960, 2552. 

M J. Am. Chem. Soc., 43, 53 (1921). 

'vn?' 7 « Cushing, and G. V. Caeser: Ifwrgamc 

A }‘ ^tcGraw-Hill Book Co., New York (1950). 

liT A „ P*y«**. Chem., 66, 41 (1908). 

Ill a‘ W, 941 (1925). 

A. Hantisch and K. Berger: Ber., 61B, 1328 (1928). 
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has been demonstrated conclusively by electrolysis studies.'®® How¬ 
ever, the correctness of Hantzsch’s interpretations has been questioned 
by later studies.'®® 

Although nitracidium cations may well occur in the presence of 
appreciable quantities of water, it appears that in the anhydrous sys¬ 
tems the cation is the nitronium (N 02 ''') ion. Much evidence sup¬ 
ports this conclusion. Chemically, the tremendous increase in the 
rate at which nitration reactions occur with nitric-sulfuric acid mix¬ 
tures as the water content decrea.ses is best explained in terms of this 
ion.'®' Using a vacuum technique designed to exclude moisture 
completely, Goddard, Hughes, and Ingold'” prepared the solid 
IH 2 NO 1 IICIO 4 ), but were able to separate the material into the com¬ 
pounds |Hj0)lC10,l and INOiKClO.] by fractional crystallization from 
nitromethane. A compound [H 2 N 03 ](C 10 *] could not be prepared. 
Later the salts (NOjIjSjO, and (NOjIjS.O.o were obtained by reaction 
of dinitrogen pentoxide with varying quantities of sulfur trioxide in 
nitromethane.'®® Under similar conditions, nitric acid givM the 
pyrosulfate, [NO^KHSjOt], with sulfur trioxide, and fluosulfonic acid 
gives the fluosulfonate, [NO^KSOaF], with dinitrogen pentoxide. 
The Raman spectra of sulfuric acid solutions of nitric acid are char- 
aeterized by the 1050 cm.-' and 1400 cm.-' lines f ^^ady mentioned, 
the second line showing definitely the presence of ‘he ‘°“- 

Similarly, Raman data show the presence of the NO, ion m per¬ 
chloric,'” selenic,'” and pyrosulfuric'” acid solutions of 

The 1400 cm.-' line is also characteristic of ° 

the solid compound [NOiUClO,].'” X-ray studies of this solid mate 

rial also indicate the presence of the N 02 ''' ion.'®’ Refined cryoscopi 
Ttudfes on nitric-sulfuric acid solutions.'- '•« indicate the presence of 
four ions as demanded by the equation 

HNO 3 4- 2 H 2 S 04 NOi-'- + HjO^ + 211304 - 

... G. M. BenneU. J. C. D. Brand, and G. Wilhams: J. S™-., 1946, 860, 

K. J. Gillespie and D. J. MiUen: Onnrl. /tee.., 2. 277 ('048,. Bxeellen. 
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„. WcaOieimcr and M. S. Kh.r,.^: d. A.- 6^ 
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D. J. MilK'n: y. Chem. Sor., 1960, 25^. 

... E. G. a.x. G. A. Jeffrey, and ^ 

R. J. Gillespie, J. Ornliain, L. D. Mur • 

f>/alure, 168» 180 (1940) 
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and do not support Hantzscli’s equations 

HNOa + H,NO,+ + HSOr 

HNO3 + 2HjS04 -* H3NO,"-*- + 2 HSOr 
Likewise, when nitric ari<l is dissolved in oleum (p. 511), the rouclions 
HNO3 + 2H2S2O7 ^ NO1+ H- HSiOt- + 2H3SO4 

and 

IINOj + NW + 2IISO«- 

apparently take place.'®* Nitronium ion.s are similarly indicated for 
solutions of NjOs or N 204 in 100% sulfuric acid {pp. 500, 008). 
Analysis shows that the white solid obtained when ozone, chlorine 
dio.xide. and nitrogen oxides are mixed is the perchlorate, |XO:)- 
(ClO^j.®'’® Addition of dinitrogen tetroxide to various fluorides, oxides, 
or free elements in bromine, followed by treatment with bromine 
trifluoride, gives nitronium fluo salts such as NOdBI'M, (XO.ldSnFd, 
N 02 [PF 6 l, NOafAsFe], NOalSbFel, and NO^lAuF*].^** Other e\'idcnce 
is reviewed by Gillespie and Millen.*®" 

Although the nitronium ion is in general readily hydroly/od, the 
solid perchlorate is fairly stable even in moist air. The nitronium ion 
is isoelectronio with the species COj, N-^O, CNCl, NCO", NCS', and 
N 3 -, all of which have linear structures. It seems reasonable to 
ascribe a similar linear arrangement to it. This structure 


is in agreement with Raman data.'** 

The nitryl halides, NO.X (X = F, Cl), bear the same relation to 
the nitron,um salts that the nitrosyl halides (p. 597 ) bear to the nitro- 
syhum (nitrosyl) salts. The structures of these halides have not bee" 
determined experimentally, but of the two proposed. 


w % 4 ^ ^ 

: 0 : N ; X : and : O: :N : 0 : X ; 


• • 


: O : 

ifeldsTitr-' i";" with the facts that hydrolysis 

yields nitric and and hydrogen halide, that roa.-tion of the chloride 

m W “"•! 2532. 

A. A. WootUnTH. J. 
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with acetic anhydride gives acetyl chloride and acetyl nitrate, that 
in many ways these halides resemble the nitrosyl halides, and that 
preparation of the chloride is most readily effected by reaction of 
nitrosyl chloride with ozone.Certain reactions with organic 
materials, however, are easier to explain in terms of the second struc¬ 
ture.*” The fluoride, obtained by reaction of fluorine with nitric 
oxide, is a colorless gas (b.p. — 1G6®C.. m.p. —72.4®C.) which reacts 
with glass.The chloride is a colorle.ss gas (b.p. —14o°C., m.p. 
— 15.9°C.) which decomposes to nitrogen dioxide and chlorine at 
ordinary temperatures*''®- *'’* at a rate dependent upon total pressure. 

Nitrogen Trioxide (NOj) and Dinitrogen Hcxoxide (N^Oe). The 
status of nitrogen trioxide is comparable to that of sulfur monoxide 
(p. 525). Although indicated many years ago by the appearance of 
new absorption bands in the products of reactions of nitrogen oxides 
with ozone,*”' the material has been studied in detail more recently 
as a product of the reaction of ozone with the pentoxide ^ 

tetroxide.*** Claims of production as a condensable white solid by 
action of a glow discharge on mixtures of the dioxide and oxygen 
are disputed.*** The material is apparently a blue gas which decom- 
poses readily at ordinary temperatures. It is said to 
Lter to give a solution which is strongly oxidising hut shows no peroxy 
character Water solutions decompose slowly to nitric acid and 
oxygen but, when freshly dissolved in water, nitrogen trioxide can b 

an oxide, which 

decomposes rapidly with loss of oxygen and appears to be m . 

... H.-J. Sohiimaohor and G. Sprcnger: Z. 36, 053 (.920,: Z. anarp. 

allgem. Chem., 182, bW -j- o.. ( 1947 , 

N— - -- ... 

''"f;r..d,Sc,,„n..cherandG^S,.rc„.r:Z.M.,..f--t2^^ 

^ -wr T'- n V S rkinan: J- -I"'- < * ' 

JO® o K, Xvicc ftno v« o . uqi i 

*07 p.' HautefciiUe and J. Chappuis: re<.d. 9 . ^ ^ j , 23, 200 

. 0 . E. Warburg and G. I^ithiiuser: zlnn. [41. 20. . U (..>UC 

(1907). S.,render- Z. phgsik. Chem.. 136A. 77 (102S1: 

*o»H-J. Schumufher and G. bprengcr. a. p 

140A, 281 (1929); 2B, 207 (1029). 233, t7 (19:171. 

... R. Schwarz an.l H. Achanl.ach: Brr., 68 B, 34.) (IJaai 
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anhydride of nitric and peroxynitric acids.It is not a dimer of the 
trio.xide. 


Oxy acids of nitrogen 

The oxy acids of nitrogen are listed in Table 15*12. Of these, only 


TABLE 15-12 
Oxy Acjus of Nitrookn 


f 

1 

Korrniilu 1 


1 

Apparent' 
Oxidation 
Statu of 
Nitrogen 

IVrdiulile Strurtnre 

Preparu- 

tiuri 


1 

hyponitrous acid 

1 

+i 

• ¥ « # 

H : 0 : N::N : 0 : H 
• • • • • • 

acid, salU 

HiN.O, 

s 

nitrohytiroxylamie acid 

+2 1 

1 

• • • • 

H : 0 : X::N : 0 : H 

aulta 

1 

1 

1 

j 

1 

1 1 

♦ • 4 ¥ 1 « 

: 0 : 

1 ^ 


H,NO, 

hydronitrous aciil 
(nitroxylic) 

+2 

1 

4 4 • • « • 

j H : 0 : N : 0 : H 
• > • «• 

salts 

UNO, 

nitrous acid 

! +3 

1 

H : 0 : N::0 
• > • • 

sull.s 

HNOi 

nitric acid 

i +5 

1 

• • • ■ 

H : 0 : N ; 0 : 

acid, salts 




« % 

: 0 : 


HNO* 

peroxynitric acid 

+5 

H : 0 : 0 ; N : 0 : 

acid, salts 




: () ; 



nitric acid is really stable in the free condition. Only hyponitrous 
nitro\is. and nitric acids need be discussed here. The peroxy acid hai 
been mentioned in the preceding chapter (p 514) 

form"(II.N,0,). This material is known chiefly in the 
orm of Its salts, although the free acid has been obtained as a white 

crystallme compound by reacting the silver salt with hydrogen chloride 

the resulting ethereal solution.^'^ The free 
ac.d decomposes readily (often explosively) on heating. Its aqueous 

Z A E. Brunner: Hetv. Chim. Acta. 12, 306 (1929) 

. Hftntzsoh nnd L. Knufmann: Ann., 292, 317 (1890). 
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solutions are more stable, but lose nitrous oxide slowly. The reverse 
reaction is thermodynamically impossible, calculations showing that 
an equilibrium pressure of nitrous oxide of some 10*^ atm. would be 
reciuired to give even a 0.001 N solution of the acid. The acid is also 
soluble in alcohols, ether, chloroform, and benzene. In aqueous solu¬ 
tion it is a weak acid (kj^/ = 9 X 10"*, k\,' = 1 X 10”*^ at 25®C.), 
and its alkali metal salts are extensively hydrolyzed. Freezing point 
data on acjueous hyponitrite solutions confirm the doubled formula, 

No exact structural data are available, but it appears an 
arrangement 

H:0:N: :N;0:II 


is not unlikely. Because of the double bond, as-lrans isomerism is 
possible. Hantzsch believes the acid to have the Irons configuration. 

Hyponitrites possess both reducing and oxidizing properties as 
indicated by the couples 

HaNsOi ^ 2NO + 2H+ + 2e- 

+ 2 H 2 O ^ 2HNOj + 4H+ + 4c- 

N 2 + 2 H 2 O H2N202 + 2H+ + 2c- 

2 NH 3 OH+ ^ H 2 N 2 O 2 + 6 H+ + 4c- 


= -O.GO volt 
= -0.80 
= -2.75 volts 

= —0.44 volt 


in acidic solution and the couples 

Nj02 '’ ^ 2NO + 2e- 
N 2 O 2 -® + 40H- ^ 2 NO 2 " + 2H,0 + 4c^ 
N, + 40H- ^ N 2 O 2 -* + 2H,0 + 2c- 
2 NH 2 OH + GOH- N:02-* + 6H,0 + 4e- 


FS„ = -0.10 volt 
= 0.18 

= -1.60 volts 
= 0.73 volt 


in alkaline solution. However, the reducing properties predominate. 
Strong oxidizing agents Nvill convert hyponitrites to nitrates. 

Hyponitrites may be prepared by reducing mtrites with sodium 
amalimm=“' or tin{II) chloride,’'’ by hydrolyzing sodium hydroxyl- 
amine monosulfonate (p. 554) in the presence of concentrated pota^ 
sium hydroxide solution, by oxidizing hydroxylamine with nitrous 
acid or metal oxides (CuO, Ag,0, HgO), or by reacting hydroxylamme 
with sodium methoxide or ethoxidc and ethyl or amyl nitrite in alcohol 


E. Divers: J. Chem. Soc., 76, 95 (1899). 

*>« E. AM and J- Proisi: Monnlsh., 72, 1 (1938). 

*1^ r. Rasil>i«: ^ nnor/j. allgrtn. Chftu., 166, 22.^ (1926). 
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solution.The last method is preferred. Although usually pre¬ 
pared as the sodium salt, hyponitrite is most commonly recovered as 

the sparingly soluble, yellow silver salt. 

Nitrous Acid (HNO 2 ). Free nitrous acid has not been isolated, 
although there arc indications of its e.xistence in the vapor state, and 
aqueous solutions are readily obtained by treating soluble nitrites 
with aqueous protonic acids, necause both organic nitrites, RONO, 
and nitro compounds, KNOj, are obtainable from nitrous acid or 
nitrites, the c.xistcjice of two corresponding tautomeric forms of the 
acid 

: 0 ; 

•• •• «« 

H : () : N:;{) and H : N: :0 


has been postulated. No physical data supporting such tautomerism 
have been produced, and examples among inorganic derivatives are 
lacking (refer to discussion of nitrito versus nitro complexes, pp. 250- 
251). X-ray and Raman data’**’ indicate an angular structure for 
nitrite ion, the N—0 bond distance being 1.13 A and the 0—N—O 
bond angle 120 to 130®. The short bond distance is about that noted 
for nitrosyl chloride (p. 597), suggesting similarities in the N—0 
bonds in the two materials. A resonance hybrid involving 

• • 

N. 

• • « • • 

. 0 . .0 and 

♦ « « 

seems likely. In organic nitro compounds, the N—0 bond distance 
is 1.21 A and the 0—N—O bond angle 127®.”' 

Nitrogen sesquioxide reacts with water to give nitrous acid, but 
phase studies show that systems containing two liquid phases are 
formed at temperatures below 55®C. when the two materials are brought 
together in equimolecular proportions.”* Nitrous acid solutions 
undergo reversible decomposition as described by the equation 

3HNOi ;=± H+ + NOr 4* 2NO + HjO 



>"L. W. Jones and A. W. Scott: J. Am. Chem. Soc., 46, 2172 (1924). 

A. W. Scott: J. Am. Chem. Soc., 49, 986 (1927). 

A. Langselh and E. Wallcs: Z. physik. Chem., 27B, 209 (1934) 

»'L. 0. Brockvvay. J. Y. Beach, and L. Pauling: J. Am. Chem.'soc., 67, 2693 

*”T. M. Lowry and J. T. Lemon: J. Chem. Soc., 1956, 1. 
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= -1.29 volts 

= -0.99 volt 
= -0.94 


Because of the weakness of nitrous acid (kx' = 6 X 10“* at 30®C.), 
solutions of alkali metal nitrites are hydrolyzed and yield nitrous acid 
when treated with strong protonic acids. Simple nitrite salts are 
limited to those of the alkali metals, alkaline earth metals, and silver. 
The silver salt is sparingly soluble in water; the others are soluble. 
Complexes containing the NOr group are much more common (Ch. 7). 

Nitrous acid and the nitrites are most commonly employed as oxi¬ 
dizing agents, although strong oxidants (e.g., electric current, MnOj, 
and Cla) convert nitrous acid to nitric acid and even comparatively 
weak oxidants (e.g., Oj) convert nitrite to nitrate in alkaline medium. 
Important couples describing these behaviors are 

NjO + ailjO ^ 2HNOj + 4H+ + 4e- 
NO + H 5 O HNOi + H+ + e- 
IINOi + H 2 O NO 3 - + 3H+ + 2e- 

in acidic solutions and 

NiO 4- 60H- ^ 2NOr + 3HjO + 4e- 
NO + 20H- NOj- + H 2 O + e- 
NOr + 20H- ^ NOr + HiO + 2e- 

in alkaline solutions. The enhanced oxidizing power in ac-idic media 
is apparent. The complete behavior of nitrous acid in the presence 
of reducing agents is not obvious in terms of these couples alone 
Other reduction products may result, depending upon the redui a 

employed, the acidity, and the temperature. Thus 

givL nitric oxide and sulfur in acidic solution, ammonia and s.dfur n 

sodium hydrogen carbonate buffers, and ammonia, sulfur, and hio- 

sulfate in unbuffered sodium nitrite solutions. Impor ant 

are iodide to iodine, ammonium ion to nitrogen sulfamate ion 

nitrogen and sulfate, and urea to nitrogen and carbon dioxjde. 

Of ^particular interest is the reduction of nitrous acid with sulfiirous 
acid Th " may be formulated, together with useful attendan, 

hydrolysis reactions, as’** 

IISOi- 


= -0.15 volt 


= 0.46 

= - 0.01 


HNO, 

niUout 


HSO|- 


H8O1 
1*8 H 


HOjSNO 

oitroQuIfonic 

acid 

(HtO) 


NiO 

niUoua 

oside 


H,N 


2 O 1 


hyponiirous 
acid 


(HO,S)jNOH' 

hydroiylaminc 

liuiiHonic acid 

I 

I (HtO) 

NH 2 OHH+ 

hydroiylammonium 

BSlU 


(HO,S),N 

amine trUuKonic 
acid 

(HtO) 

NH.-^ 

ammoniuin 

tails 


QIIW . • 

w. M. Latimer: We »/ IV 

Agutaus Solutions, Ch. VII. Prentice-Hnll, Now ork (1.38). 
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Certain of the products shown in this scheme have been described 

in earlier portions of this book (pp. 650-555, 580-581): 

Nitrites are prepared either by reduction of nitrates or oxidation 
(indirectly) of ammonia. Although alkali metal nitrites are formed 
when the nitrates are heated strongly, a better procedure involves 
fusion of, say, sodium nitrate, either alone or mixed with sodium 
hydroxide or sodium carbonate, with a reducing agent (E), the reaction 
being described by the equation 

NaNOa + E NaNOi + EO 

In the laboratory, lead is useful; technically iron or coke is efficient 
and cheap. The product is recovered by dissolution in water and 
crystallization. Oxidation of ammonia to an almost equimolar mix¬ 
ture of nitric oxide and nitrogen dioxide is follow'ed by absorption of 
the gases in alkaline solutions [e.g., NaOH, Ca(OH)i] and crystalliza¬ 
tion. Nitric oxide also reacts directly with alkali and alkaline earth 
metal hydroxides to give nitrites 

2MOH(s) + 4NO(g) 2MNO,(s) + NiO(g) + H,0(g) 
4MOH(l) -I- 6NO(g) ^ 4MN02 (s) + ^^ig) + 2HsO(g) 

the rate of the reaction increasing with the basic character of the 
hydroxide.*** 

Nitric Acid (HNOi). Absolute (100%) nitric acid is a colorless 
liquid of comparatively high vapor pressure, boiling at 83®C. and 
freezing at low temperatures to a colorless crystalline solid melting 
at —41.59°C. Spectroscopic indications that the oxygen atoms are 
coplanar >vith the nitrogen atom and surround the latter at the 
corners of an equilateral triangle are well supported by electron dif¬ 
fraction data*** which give the structure 


H O 



*»* E. Barnes: J. Ckem. Soc., 19S1, 2605. 
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Hydrogen bonding involving other oxygens probably characterizes 
this structure. In the nitrate ion, resonance involving a basic struc¬ 
ture of the type 


.. +:o; 

0 :: N; N-0=1.21A 

•• ;o; 


iloubtlcss occurs.Tlie Raman spectrum of anhydrous nitric acid 
is characterized by faint lines at 1050 and 1400 cm.“', showing the 
existence of small concentrations of nitronium and nitrate ions (p. 
(•, 10)226 formed by 


3 IINOa ^ NO2+ + NO3- + HNOa-HsO 

The 1400 cm.~' line (NO:'^) disappears when the concentration drops 

below 94 ^0 95% HNO3. ^ 

iS'itric acid is miscible with water in all proportions. Phase studies 
indicate the formation of two hydrates, HN 03 *H 20 (m.p., —37.08 C.) 
and HXOa-SIIjO (m.p., -18.47°C.). The first of these is probably 
the ortho acid, and the second the 2-hydrate of the 

ortho acid.2-5 The thermodynamic properties of these hydrates have 
been studied in detail.”® In aqueous solution nitric acid is completely 
dissociated. Its salts are uniformly soluble and are hydrolyzed only 
where the cation is small and highly charged. A few organic nitrates 
(e.g., nitron nitrate) are sparingly soluble. Although many double 
nitrates are known, the nitrate ion is a poor coordinating agent and 

forms few Werner complexes. 

Pure nitric acid decomposes, slowly on exposure to light at room 
temperatures and rapidly on heating, to nitrogen diox^^de, oxygen, and 
water. Conrentrated aqueous solutions undergo the same decom¬ 
position Nitrogen dioxide remaining dissolved in the acid imparts 
a yellow color. Dissolution of the dioxide in the 100% and gncs red, 
fuming nitric acid. The fuming acid reacts more vigorously than 

nitric acid alone. 

N. Elliott: J. Am. Chem. Soc.. 69. 1380 
«« J. ChMin aT.fI S. F^n^ant: Compt. rend.. 224 

p \V KiWer and U. Krrmann: Z. nnorr,. ( hem.. 41. I '”)- 
::M': Zii.tl ari.l \V. H:iMeko:7. 174A, .312 

\V. Hiltz. (). H-J.-nann, an.i W. -NWir. C.,. H d... I'd. 1. 

R. Forsythe ar.-i VV. F. Giau<iuc: J. Am. Chem.^oc.. 64. 48 (1012). 
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Aqueous solutions of nitric acid are among our most common and 
useTul oxidizing agents. Although the reduction products arc usually 
nitric oxide (at low concentrations) and dinitrogen tctroxide (at high 
concentrations), other reduction products appear when proper reduc- 
tants and concentration conditions are employed. The relations exist¬ 
ing among these reduction products are summarized by the couples 
in Table 15-13.”* In spite of favorable potentials, many of the direct 
reductions listed are seldom achieved in practice. The dioxide cata¬ 
lyzes reduction of the acid. The effect of acid (-oncentration upon the 
nature of the oxide reduction product is explainable in terms of the 
equilibrium 


2NO + 4H+ + 4NO,- ;=±3Ni 04 + 2HjO 

but it is difficult to account for the appearance or lack of appearance 
of other reduction products. 

The data in Table 15-13 indicate clearly the effect of the proton on 
the oxidizing strength of the nitrate ion. Values summarized for the 
stepwise reduction of nitrogen(V) to nitrogen( —III) in acidic and 
alkaline media also demonstrate this clearly. Oxidation processes 
effected by nitrate are well known and need not be considered in any 
more detail. Some have been described in earlier sections of this 
chapter. 

The oxidizing powers of mixtures of nitric and hydrochloric acid 
(aqua regia) are less pronounced than the solvent effects of such mix¬ 
tures for noble metals (Au, Pt) might suggest. The fact that these 
metals are converted to chloro complexes increases the ease with 
which they are oxidized (pp. 300-305), and in the presence of suitable 
complexing agents nitric acid alone should oxidize them. The reac¬ 
tions are catalyzed by nitrosyl chloride. 

As pointed out earlier, nitric acid is prepared most commonly by 
reaction of nitrogen(IV) oxides with water (p. 607) 

3Nj04 + 2H,0 ^ 4H+ + 4NOi- -f 2NO 

oxygen being added to remove nitric oxide and thereby increase the 
yield. Distillation of nitrates with sulfuric acid is also employed. 
Concentration of the acid is best effected by distillation with sulfuric 
acid since distillation of aqueous solutions gives a constant boiling 
mixture (68.4% HNOi, b.p. 121.9®C.). 


620 


The Nitrogen Family 


& 

ih Si 
W o 

nJ 

Ss 

nS 

< 

pm 

H 

Z 


2 

O 

H 

< 

fi 


a> 

C 

O 


Z 

o 


u 
H 

i' 


u, 

o 

Z 

o 


c 

“3 


f) 

c 

o 


sii 


3 

p 

*c 


o 

> 

i.-^^^^oo^oco© 
QOO — ^OMCd^^ 

ooocooooo 
I 1 I 

D R II ft e n n u I 




o 

<c 


o + 


1 

V CC 


+ 

o 


I I 

+ + 
o o 


I 

«> 


I I 

U 

lO o 
+ + 
o o 


I 


-S — 
+ ^ 
1 + + 
O '- '- 

2 o o 

^ 2 H 


lO ^ 

+ + 

'- 

O O 
2 2 

n n n ii ii 


+ 0^ 

o + 

(« 

s'^ 

O pm 


o 


SZ pm ^ pm 0) 


0> ^ 

+ + 

1 I 

do 

2 2 

U1L 

I 


+ 


(C 


+ 



2 g 

C4 2 


h- 


E 

2 


O 

2 


U 11 


t 


X K ■ 

O O S 

^ <N o 

tr: 

©do 
2 2 2 


1 X 

X o 

O 00 

2 + 

+ T 
•# 

o o 

n 9* 
2 2 


•- ^ L 


O 

' r^ 

0 + 
^x 
+ o 

M M 
^2 


•M 1 

o = 

2 o 

© 

++ 

E - 
«• •*« 

2 2 


o 

d 


K 

2 


E 

2 


© 

I 


2 
joi 
00 


1 

m 

O 

2 


5 5 


o 

> 


00 S S 


00 


o 

> 


o 
> 

cs ^• 


o o o 
I I I 


^ © 
I I 


^ o 
I I 


SSo 

d d 

I I 


I 

t? 


I I I I I I I ■ 


I 


«> I 

4 

•«« 4 > 

^13 

"*■ + 

» 


£ 


+ 


+ :L;t. 


t 

oS I 
+ •« 
+ 


o t. 


2 ® 
n2 

11 n 


p • I 

- o o /: 

C4 ^4 ^ 

11 11 11 11 


V 

^ I 

Vt 

I- -** 

•M O 

00 . - 

+ , + 

•• O JT 
0^0 

2 2 

u 11 n 

o 



2 


o j: 


o9. 


-r O 


qg 

2 S 




+ 


+ 

O 
2 2 


O®. 


»*• o ^ 
^ ^ 


2 




C 


O 

«« 

2 

oo 

d 


+ E 
- « 

Z -X •tE 

S 5.222 


♦ 

« 

S 

2 


O 

2 


C/i. 15 





Ch.15 


Phosphorus Hydrogen Compounds 


621 


SOME SPECIAL PHASES OF PHOSPHORUS CHEMISTRY 

The topics discussed here are of both fundamental and practical 
importance in an understanding of the chemistry of phosphorus. 
Analogies between phosphorus compounds and those of the hea\ier 
members of the family are often close. Although no attempt is made 
to discuss the latter specifically, they are referred to where the dis¬ 
cussion adds to that on phosphorus. 

Phosphorus hydrogen compounds and their derivatives 

Two volatile phosphorus hydrides, PHj (phosphine) and PiH* 
(diphosphine), have been characterized. These are formal analogs 
of ammonia and hydrazine, respectively. A solid hydride, of approxi¬ 
mate composition (PjH),, has been described also, but its existence 
is doubtful. With arsenic, antimony, and bismuth, only hydrides of 
the type ZHj are known. 

Phosphine (PHj) and Its Derivatives. Phosphine is a colorless gas 
which can be converted to a liquid boiling at — 87.7®C. and a solid 
melting at -133®C. The heats of vaporization and fusion are, 
respectively, 3.489 and 0.270 kcal. per mole. These values indicate 
that, unlike ammonia, but like the corresponding hydrides of arsenic, 
antimony, and bismuth, phosphine is not associated (p. 189). Spectral 
studies show the molecule to be pyramidal (like ammonia) with a 
P—H bond distance of 1.415 A and an H—P—H bond angle of some 
93® (as compared with l.Ol A and 109® in ammonia).In the solid 
state, four modifications of phosphine are known. 

Phosphine is a much weaker base than ammonia. This is indicated 
by its limited water solubility (Hsoo of ammonia at 20®C.) and 
by the absence of a series of phosphonium salts comparable in charac¬ 
teristics to the ammonium salts. Phosphonium halides, PH<X (X = 
Cl, Br, I), are obtainable by direct reaction of phosphine with the 
appropriate hydrogen halide. Best known is the iodide, which is 
obtained as a white crystalline sublimate (subl. pt. 62®C.) by reacting 
phosphorus with iodine in carbon disulfide, evaporating the solvent, 
and reacting the residue (P 1 I 4 + P) with water in a carbon dioxide 
atmosphere.*** The chloride and bromide are dissociated at room 
temperature. Unlike the ammonium halides, the phosphonium com¬ 
pounds react completely and rapidly with water 

PH 4 X + HiO PH, -b H,0+ -b X- 

D. P, Stevenson: J. Chtm. Phya., 8, 285 (1940). 

J. B. Work: Inorganic Syntheses, Vol. II, p. 141. McGraw-Hill Book Co 
New York (1946). ’ 
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Indeed, hydrolysis of the iodide, using an alkali, is an excellent means 
of preparing pure phosphine. The phosphonium halides undergo 
ready thermal dissociation but at much lower temperatures than the 
ammonium halides.®”-This is shown in Figure 15-2. The weakly 



Fio. 15-2. Thermal stabilities of ammonium and phosphonium halides. 


basic character of phosphine is also reflected in its poor coordinating 
ability. 

Phosphine is a stronger reducing agent than ammonia (pp. 557, 558). 
In air, it burns readily, and, with oxygen, it explodes. The apparent 
spontaneous inflammability of unpurified phosphine is probably due to 
the presence of small quantities of the higher hydride. VtlU- Strong 

oxidizing agents are reduced by phosphine. 

Phosphine is prepared by hydrolysis of phosphides, e.g., of calcium 
phosphide with water or, better, of aluminum pho.^phide with dilute 
acid, by the reaction of white phosphorus with alkali 

4P + 30H- + 3H,0-» PH, + SHiPO,- 


«* A. Smith and R. P. Calvert: J. Am. Chem. Soc., 86, 1363 (1914). 
o* F. M. G. Johnson: J. Am. Chem. Sor., 34 , 877 (1912). 
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by disproportionation of phosphorous orhypophosphorous acid (p. 641) 
or by direct combination of the elements under pressure. 

A variety of alkyl and aryl phosphines have been prepared. These 
compounds are often highly inflammable. They are more basic than 
phosphine. The quarternary hydroxides, like their nitrogen analogs, 
are strong bases and form a variety of salts. The tertiary phosphines, 
RjP, yield phosphine oxides, RaPO, on oxidation. Many Werner 
complexes containing substituted phosphines have been described. 

Arsine, stibine, and bismuthine are comparable with phosphine but 
decrease in thermal stability, ease of formation, and basicity and 
increase in reducing power with increasing molecular weight. They 
are better known as organic derivatives. 

Diphofsphinc (P 2 HO- This compound is a colorless liquid, boiling 
at 51.7°C. and freezing to a solid which melts at —69®C. The com¬ 
pound is unstable and decomposes, especially in light, to phosphine 
and the so-called solid hydride, (P 2 H)i. The material is a potent 
reducing agent and burns spontaneously in air. Unlike hydrazine, 
it shows no basic character. It is formed as a by-product in the prepa¬ 
ration of phosphine by hydrolysis and is separated from the phosphine 
by freezing. Its chemistry has been investigated by Royen and Hill.**^ 
Although the arsenic and antimony analogs are unknown, a variety of 
alkyl and aryl derivatives of these hypothetical hydrides have been 
described. 

Solid Phosphorus Hydride [(PfH),]. This yellow material is prob¬ 
ably better considered as an adsorption complex of phosphine on 
amorphous phosphorus than as a true compound in the light of x-ray 
studies.*®* 

Phosphorus-halogen compounds 

The phosphorus-halogen compounds embrace the binary halidc.s; 
the oxygen-, sulfur-, and nitrogen-containing halides; and the halogen- 
containing acids (or their salts). 

Binary Phosphorus Halides. Reported phosphorus halides, together 
with certain of their physical constants, are summarized in Table 15T4. 
Tri- and penta-halides are most common and important, the tetra- 
hahdes being rather unusual compounds. The existence of stable 
mixed halides is noteworthy. The physical constants are in general 
those of covalent compounds. These are in accordance with the 
electronegativity values of phosphorus and the halogens (p. 1C3). 

**‘P. Royen and K. Hill: Z. anorg. allgem. Chem., 229, 97 (1936). 

**• P. Royen: Z. anorg. allgem. Chem., 229, 369 (1936). 
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All halides undergo hydrolysis, forming ultimately hydrogen halides 
and oxy acids of phosphorus. The fluorides react most slowly. 
Pseudohalides, e.g., P(NCO) 2 , and PCU(NCO), are known as well 
(pp. 475—480). The characteristics of these compounds should be 
compared with those of the corresponding halides. 

TRIHALIDES. Electron diffraction data show the trihalides to have 
pyramidal structures 

«» 



X 


which of course amount to tetrahedra in which an electron pair occupies 
one position.^”'*®* Available data on bond lengths and angles are 
summarized in Table 15T5. The phosphorus trihalides act as electron 


TABLF: 1515 

Bond Dat\ for Phoschorus Trihalides 



1 

1 

Bond Distances, A 

1 

Boriil Angle, degrees 

Compound 




1 


P—F 

P—Cl 

P—Br 

P—I 

X—P—X 


PF, 

1.52 




104 

PFCl, 

1.55 

2,02 



102 

pa, 


2.00 

1 

1 


101 

PBr, 


1 

2 23 


100 

PI, 

! 



2,47 

98 


pair donors and show general unsaturated character. They react 
readily with oxygen or svdfur to form POXj and PSXj compounds 
and with halogens to form pentahalides. The ease of hydrolysis 
increases as the electronegativities of the halogens decrease. The 
mixed halides decompose into mixtures of the simple ones, PFjBr 
giving PFj and PBrj, for example.’*® The fluochloridcs are more 
resistant to such decomposition than tlie fiuobromides. 

The trihalides are most commonly prepared by direct reaction of 
the elements under controlled conditions to prevent formation of other 
halides. Procedures for the chloride and bromide’** illustrate the 


*”L. 0. Brockway: Revs. Mod. Phi/s., 8, 231 (1936). 

A. H. Gn-Kg, G. C. Hninpson. (I. I. .Icnkins. P. L. F. Jones, and L. E. Sutton* 
Trans. Faradaij Soc., 33 , 852 (1937). 


Sandbo: Z. physik. Chcvi., 41B, 75 (J938). 

Ml 2' M •^* ^”** Soc., 61 , 2934 (1939) 

Hill Bock bo Tw trkJZr“ 
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reactions. With the triiodide, reaction in carbon disulhde as solvent 
is advantageous. The fluoride is best obtained by reacting the tri¬ 
chloride with arsenic trifluoride. The tribromide and trichloride can 
be fluorinated, partially, or completely, with antimony trifluoride or 
calcium fluoride®*”’as well (p. 428). 

Arsenic, antimony, and bismuth form complete series of trihalides, 
as indicated in Table 15-16. Those compounds studied have com¬ 
parable pyramidal structures.Although their properties and modes 
of preparation are comparable to those of the phosphorus com¬ 
pounds, marked increase in ionic properties characterizes the series 
p_ \s_Sb—Bi. This is reflected in increases in melting and boiling 
points, in decreased hydrolysis, and in the ionic characteristics of 
aqueous solutions. Thus hydrolysis of PXj compounds is complete 
and gives only phosphorous acid, hydrolysis of AsXj compounds is 
nearly complete, although precipitation of the sulfide from such 
hydrolyzed solutions suggests the presence of traces (at least) of As'*'®, 
and hydrolysis of SbXj and BiX, compounds gives SbO+ and BiO* 
as cations. Antimony and bismuth trifluorides arc salts. 

PENTAHALIDES. The pentahalidcs are interesting because in their 
formation one 3d orbital must be occupied. This gives bonding of 
the type d$p\ which should lead to (p. 203) trigonal bipyramid 

structures 





X 


X—P 



Electron diffraction data show the molecules PF,, PF.CU, and PCI, to 

X^teonfigurationinthevaporstates.-- TheP-Fhon d,s_- 

tances are 1.57 A and 1.59 A in the molecules PF, and I’F.Cl. re^pec 
tively and the P-Cl bond distance .s 2.05 A m the molecule PF.Cl,^ 
In tL molecule PF.Cl,, the two chlorines are at the apices of the 
pyramids. In the molecule PCh, the P-Cl bond distances are 2. 1 A 

[those at apices) and 2.04 A (those at the bases). In 
he molecule PCI. retains this structure,but not in the so id state 

or in solution in solvents of high dielectric f'^the 

the solid pentachloride show its structure to be [1 Cl.) (PC Ul , 

... H S. Booth and A. B. Bo.arth: J- A™. - 

ro'B-it::l"and A V. Beach: A An.. «en,. Son , 60. tatr, ,10:.8,. 

::: i rrr a"::" con.^,. ....d., 606, ^76 ,, 037 ,. 
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P—Cl bond distance in the tetrahedral cation being 1.98 A and in the 
octahedral anion 2.06 Solutions in nitromethane*^^ and liquid 
bromine*®® are conductors. The solid pentabromide has the ionic 
structure [PBrd®'Br*.=*® Data are lacking for the fluorides. The 
absence of a pentaiodide is probably due to the steric difficulties which 
would accompany surrounding the small phosphorus atom with so 
many large iodine atoms. 

The pentahalides, like the trihalides, hydrolyze icadily, but the 
reaction involves two steps 

PXs + HjO-* POXa + 2HX 
POXa 4- SHjO -» H 5 PO 4 -f 3HX 


The pentafluoride appears to be stable thermally, but the penta- 
chloride dissociates (reversibly) to the trichloride and chlorine, the 
reaction being complete above SOO^C. The pentabromide is partially 
dissociated even in the liquid state. The mixed pentahalides decom¬ 
pose to the simple pentahalides. The pentafluoride yields [PFe]" with 

excess fluoride (pp. 359, 595, 598). 

Methods applicable to the preparation of the trihalides, with suit¬ 
able modifications, can be used for the pentahalides. The penta¬ 
fluoride also results from action of bromine on the trifluoride because 
of decomposition of the intermediate compound PFjBri. Fluorina- 
tions of the oxide with calcium fluoride and of the chloride with arsenic 

trifluoride or a metal fluoride are also useful. 

Arsenic and antimony both form pentafluorides and antimony, a 
pentachloride. Evidence for the formation of arsenic pentachloride, is 
unconvincing. These compounds are analogous to the phosphorus 
compounds, although somewhat less covalent and more readily reduced. 
Antimony pentafluoride, obtained by the action of hydrogen fluonde 
on the pentachloride, is comparatively stable. With fluonde ion 
fluo anions, [AsF.)- and (SbF.]-, form. Alkyl and aryl compounds of 
the types RiAsX,, RiSbX,, RiAsX,, etc., are known. Mixed halides, 

e.g., SbFaCIj, are known. _ 

TETRAHALIDES. Only two compounds, PiCl* and Pih, are known. 

The chloride hydrolyzes readily, oxidizes in air. and decomposes on 

standing to phosphorus and the trichloride. It is formed by action of 

an electric discharge on a mixture of phosphorus trichloride and hydro- 


D Clark, H. M. Povvoll. and A. F. Wells: /. Ckem. Soc 1942 642. 

G. W. F. Holroyd, H. Chadwick, and J. E. H. Mitchell: J. Chem. Soc., 

W^Tpiotnikow and S. Jafcubson: Z. physik. Chem.. 1S8A, 235 (1028). 
»» H. M. Powell and D. Gark: Nature. 146, 971 (1940). 
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gen.^” The iodide is a clear red crystalline compound obtained by 
action of iodine on phosphorus in carbon disulfide.***- *** The compound 
decomposes on heating to iodine and the triiodide. With water it 
yields a variety of products, among them the substances HI, HsPOj, 
HjPOa, H3PO4, and PH3. With alkaline solutions containing hydro¬ 
gen peroxide, it is converted to hypophosphate (p. 643),*** suggesting 
the presence of a P—P link and the possible structure 



Oxygen-, Sulfur-, and Nitrogen-Containing Halides. All these com¬ 
pounds are derived from pentapositive phosphorus and are of the 
types POXj, PSXj, and (PNXj),. Known compounds and their 
physical constants are summarized in Table 15*17. Comparable 
compounds of arsenic, antimony, or bismuth are unknown. 

PHOSPHORUS(V) OXYHALIDES OR PHOSPHORYL HALIDES (POX|). 

The physical constants of these compounds are those of covalent 
materials. Electron diffraction data***- *** for POFj, POFiCl, POCli, 
and POBrj show them to be tetrahedral and characterized by the 
constants summarized in Table 15-18. The P—0 and P—X bond dis¬ 
tances are essentially those in the phosphate ion and the trihalides, 
respectively. Reduction of the tetrahedral bond angle (X—P—X) 
to 106® to 108® indicates that the P—0 bond has some double bond 
character and involves a 3d orbital of the phosphorus.*** The phos- 
phorus(V) oxyhalides hydrolyze readily to phosphoric acid and hydro¬ 
gen halides. They are useful (especially POCli) in replacing organic 
hydroxyl groups with halogens. The fluoride is obtained by fiuorinat- 
ing the chloride with antimony trifluoride or metal fluorides, by direct 
action of hydrogen fluoride on phosphorus(V) oxide, or by hydrolysis 
of the pentafluoride. The chloride and bromide are readily obtained 
by action of the pentahalide on phosphorus(V) oxide.*** Partial 


**® A. Besson and L. Fournier: Compt. rend., 160, 102 (1910). 

F. E. E. Germann and R. N. Traxler: J. Am. Chem. Soc., 49, 307 (1927). 

**• J. H. Kolitowaka: Rocmiki Chem., 16, 29 (1935). 

*** J. H. Secrist and L. 0. Brockway: J. Am. Chem. Soc., 66, 1941 (1944). 

* * L. Pauling: The Nature of the Chemical Bond, 2nd Ed., pp. 34, 244. Ck>mell 
Umversjty Press, Ithaca (1940). 

VoTn C. A. Seabright: Inorganic Synlhcc, 

ol. Ii, pp. ISI-ISS. McGraw-Hill Book Co., New York (1946). 


TABLE 15-17 

Physical Constants of Oxy-, Tnro-, and Nitriloiialides 
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Bond Data tor P0X», PSXi, (PNXj), Compounds 
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hydrolysis of the pentahalides and reaction of these compounds with 
oxalic acid are useful preparative procedures, as is reaction of phos¬ 
phorus trichloride with potassium chlorate. Partial fluorination of 
the chloride or bromide gives the mixed halides.****^” 

PHOSPHORUS(V) SULFOHALIDES OR THIOPHOSPHORYL HALIDES 

(PSXa). These compounds have the same structures as their oxygen 
analogs (Table 15-18).The short P—S bond in the PSF, 
molecule is supposedly due to some triple-bond character as favored 
by the large ionic character of the P—F bonds.”* The sulfohalides 
hydrolyze more slowly than the oxyhalides and yield the acids HPSOFj 
and HsPSOj as intermediates. The fluoride is spontaneously inflam¬ 
mable in air. Preparational “procedures include fluorination of the 
chloride with arsenic trifluoride or the pentasulfide with lead fluoride 
or reaction of the pentasulfide wth an appropriate halide.”* A con¬ 
venient preparation of phosphorus(V) sulfochloride involves the alu¬ 
minum chloride-catalyzed reaction of phosphorus trichloride with 
sulfur.Partial fluorination, using antimony trifluoride, yields 
mixed sulfofluorides. 


PHOSPHONiTRiLic HALIDES [(PNX2)*1. All these compounds are 
polymeric. Best known are the chlorides,*** although mixed fluorine- 
chlorine*®*’ *®* and bromine*** derivatives are known. Electron diffrac¬ 
tion measurements*** show' the trimeric chloride, (PNCl 2 )a, to have a 
planar ring structure 

Cl, 

P 

/ \ 

N N 



in which the P—N bond distance (Table 1518) is just that calculated 
for Kekul« resonance such as is found in the benzene ring. The tetra- 


*»• H. ‘3. Booth and F. B. Dutton: J. Am. Chem. Soc., 61, 2937 (1^39). 

H S Booth and C. G. Seejimiller: J. Am. Chem. Soc., 61, 3120 (1939). 

»*J. Y. Beach aod D. P. Stevenson: 7. Chem. Ph<j$., 6, 75 (1^38) 

D. P. Stevenson and H. Russell; J. Am. Chem. Soc., 61, 3264 (1939). 

*«F. Knotz: (ilsierr. CAem.-Zti?., 60,128 (1949). « ing a943). 

**'L. F. Audrieth, R. Steinman, and A. D. F. Toy: Chem. Revt., S3, 

r&h™tr-Dumont and H. KtUkens: Z. anor,. Chrm., JM, 189 (1938). 

O. Schmitz-Dumont and A. Braschos: Z. anorg. ailgem. Chem., 243,113 (19391. 

H. Bode: Z. anorg. ailgem. Chem., 263, 113 (1943). 

«»L. 0. Brockway and W. M. Bright: /. Am. Chem. Soc., 66, 1551 (1943). 
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meric chloride, (PNCli) 4 , has a comparable puckered ring structure*” 
of alternate phosphorus and nitrogen atoms, with two chlorines on 
each phosphorus atom. Its structure apparently involves Kekul6 
resonance as well. The higher polymers in the chloride series appar¬ 
ently have chain structures*” 



a a a 


but it is difficult to characterize individual members. Some of the 
highest polymers are definitely elastomeric in their properties (inor¬ 
ganic rubber) and are amorphous when unstretched but crystalline 
when stretched.*” Like rubber, they must consist of zigzag long 
chains. The fluorine-chlorine compounds resemble the chlorine com¬ 
pounds closely and probably have the same structures. The same is 
probably true of the bromine compounds. 

The phosphonitrilic compounds are irritating and somewhat toxic. 
Polymerization of the lower members is effected by heating at 250® to 
350®C., and is accompanied by successive changes to oils, gums, 
waxes, rubbers, and an infusible, non-elastic solid as molecular weight 
increases. Above 350®C., depolymerization occurs. Polymeriza¬ 
tion is accompanied by decreased solubility in organic solvents 
and decreased reactivity. Chemically, the phosphonitrilic chlorides 
undergo hydrolysis, ammonolysis, and aminolysis reactions*®' and also 
react with a variety of organic compounds containing nitrogen, 
oxygen, or sulfur functional groups. The chlorines may be replaced 
by phenyl groups. The fluorine-containing compounds have similar 
characteristics but yield less stable high polymers. 

The phosphonitrilic chlorides can be prepared by ammonolysis of 
phosphorus pentachloride, by reaction of phosphorus nitrides with 
chlorine, or by reaction of phosphorus pentachloride with ammonium 
chloride in an inert solvent.*®' A better procedure involves heating 
the pentachloride with solid ammonium chloride at 145® to 160®C. 

xPQs + xNH.Cl — (PNCU), -b 4xHCl 
and extracting the trimer and the tetramer with low-boiling petroleum 

J. A. A. Ketelaar and T. A. de Vries: Rec. trav. chim., 68, 1081 (1939). 

*” K. H. Meyer, W. Lotmar, and G. W. Pankow: Hflv, Chim. Ada, 19, 930 
(1936). 
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ether.-” The trimer is then recovered by distillation under reduced 
pressure. Reaction of the trimeric chloride with lead fluoride at ele¬ 
vated temperatures gives P4N4C12F6 and (PNC 1 F) 4 .*”- “a 
Halogen-Coniaining Adds and Salts. Only fluorine^ontaining com¬ 
pounds of these types have been prepared. Although the free acids 
are quite generally unstable, salts derived from the acids HjPOjF, 
HPO 2 F 2 , and HPFe are easily prepared. Such acids and phos- 
phorus(V) oxyfluoride may be related to orthophosphoric acid in 
terms of successive substitution of fluoride for hydroxyl or o.xygen as 
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With arsenic and antimony, derivatives of the acids HAsFe, HSbFe, 
HSbCI«, and HSbBr, have been described. The inclusion of the 
larger halogens with the larger Group Vb elements is undoubtedly due 
to stcric f&ctors 

MONOFLUOPHOSPHATES (Mj'POjF). Monofluophosphoric acid is an 
oily liquid which gives a glass at -78“C. and decomposes at 185"C. 
In water it hydrolyzes slowly to orthophosphoric acid. The silver salt 
is easily crystallized and is readily converted into other salts by treat¬ 
ment with appropriate chlorides. Monofluophosphates are formed 
by the hydrolysis of difluophosphates,*” by the reaction of hydro¬ 
fluoric acid with orthophosphoric acid,”’ by the fusion of phos- 
phonis(V) oxide with ammonium fluoride,”’ or by the fusion of sodium 
fluoride with sodium trimetaphosphate.”* The anhydrous acid can 

R. Steinman, F. B. Schirmer. and L. F. Audrieth; J. Am. CKem. Soc., M, 


2377 (1942). 

W. Lange: Ber., 62B, 793, 1084 (1920). 

«0W. Lange: InorganU SyrUkeset, Vol. II, pp. 155-158. McGraw-Hill Book 

o! F. ffiJand L. F. Audrieth: Inorganic SyrOhtM, Vol. Ill, p. 106. Mc&aw- 
Hill Book Co., New York (1950). 
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be obtained from anhydrous raetaphosphoric acid and liquid hydrogen 
fluoride.”* A comparable reaction using 100% orthophosphoric acid 
gives the mono- and di- acids in equi-molar proportions. 

DIFLUOPHOSPHATES (M'POtFi)- Free difluophosphoric acid has 
not been prepared. In aqueous solution it hydrolyzes slowly, but 
hydrolysis is rapid in the presence of acid or alkali. The acid is strong, 
The difluophosphates resemble the perchlorates, fluoborates, and 
fluosulfonates closely in solubility, and are often isomorphous with 
them in the solid state, as might be expected from the similarities in 
bond lengths. Difluophosphates are readily obtained by alkaline 
hydrolysis of phosphorus(V) oxyfluoride**® or by fusion of phos- 
phorus(V) oxide with ammonium fluoride. Both monofluophosphate 
and difluophosphate are formed in the second reaction, but difluo- 
phosphate can be extracted with boiling alcohol. 

HEXAFLUOPHOSPHATES (M'PFe). Hexafluophosphatcs have been 
mentioned in previous discussions (pp. 598, 628). Hexafluophos- 
phoric acid is a strong acid. It is resistant to hydrolysis, but is decom¬ 
posed by acids and boiling alkali. The salts resemble the perchlorates 
in solubilities. On being heated, the alkali metal salts lose phosphorus 
pentafluoride. Reaction of phosphorus pcntachloride with alkali 
metal or ammonium fluorides yields hexafluophosphatcs,*” but separa¬ 
tion from the by-product metal chlorides is difficult. A better pro¬ 
cedure*** involves reaction in liquid hydrogen fluoride as 

MCI + PCU + 6 HF-» MPF. -b 6 HCI 

removal of residual hydrogen fluoride by evaporation, and recrystal¬ 
lization of the products from methanol or water. 

Oxides of phosphorus 

Well-established oxides of phosphorus have the molecular composi¬ 
tions PiOs, (POa)^, P4O10, and POj or PjOf. Materials of com¬ 
positions P4O and PiO, although reported as products of the oxidation 
of phosphorus in ether solution, are probably mixtures. The oxides 
P4O# and P4O10 are, respectively, the anhydrides of the phosphorous 
and phosphoric acids. Arsenic and antimony form the compounds 
As^Oe, Sb 408 , AsjOj, and SbjOs, which are comparable to the 
phosphorus oxides but more basic, and also the compounds AS 2 O 4 
and Sbj 04 , which are salt-like oxides and contain both tri- and 

W. Lange and R. Livingston: J. Am. Chem. Soc., 69, 1073 (1947). 

”* W. Lange and Q. von Krueger: Ber., 66B, 1253 (1932). 

*'* M. M. Woyski: Inorganic Syntheses, Vol. Ill, p. 111. McGraw-Hill Book 
Co., New York (1950). 
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pentapositive elements, The arsenic and antimony 

oxides have sufficient acidic strength to yield anionic salts when treated 
with alkalies. Bismuth gives only the compound BijO*, although 
unstable and impure samples approaching BijOs in composition have 
been obtained by treating bismuthates with acids. 

Pho$phorus{III) Oxide (P 4 O 6 ). Although commonly formulated 
as a monomer (and called trioxide), this compound is dimeric both in 
solution in naphthalene”* and in the vapor state.”’ Electron diffrac¬ 
tion data”’- ”* show the four phosphorus atoms to be at the apices of 
a tetrahedron, with the six oxygen atoms just outside the center 
points of the six edges as 



Bond data”’ are: P—O distance 1.65 A, P—0—P angle 127.5*, and 
0_p—0 angle 99*. The oxide melts at 23.8*C. to a nonconducting 
liquid which boils without decomposition at 175.4®C. 

Thermal decomposition is slow below 2I0*C. but becomes rapid at 
more elevated temperatures. The products are red phosphorus and 
the tetroxide, P2O4. Phosphorus(III) oxide reacts slowly with oxygen, 
giving a green glow. With cold water, phosphorous acid, H is 
formed, but with hot water phosphorus, phosphine, and phosphoric 
acid are formed. The compound is obtained by careful oxidation of 
excess white phosphorus and purified by distillation after conversion 
of unreacted phosphorus to the red form by exposure to a mercury 


&FC 

Polymenc Phosphorus Dioxide [(PO,)„l. The true molecular com¬ 
plexity of this compound is not known, although vapor density 
minations at 500*C. suggest the compound to be a tetramer, 

The compound is commonly called the tetroxide and tacitly assumed 


K. DihlstrOm and A. Weatgren: Z. anorg. allgem. Chem., M6. 153 (1937). 

R. Schcnck, F. Mihr. and H. Banthien: Ber, 89, 1506 

.n G. C. Hampson and A. J. Stosick; J. Am. 626 

.TIL R Maxwell. S. B. Hendricks, and L. S. Deming: /. Chtm. Phyi.. 6. 


(1937). 

•T*L. Wolf and H. Schmager: Ber., 62B, 771 (1929). 

P. H. Emmett and J. F. Schnltz: Ind. Eng. Chem., 31, 105 (1939). 
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to have the molecular formula P 2 O 4 . The crystalline compound sub¬ 
limes above ISO^C. Although a formal anhydride of hypophosphonc 
acid, H.PjOs, this oxide neither reacts with water to form the acid 
nor is obtainable from the latter. With water, it gives metaphosphoric 
and phosphorous acids, together with some phosphine. The tetroxide 
is best obtained by heating phosphorusflll) oxide in an evacuated 
tube at 200“ to 250“C. (p. 636). 

Phospkorus(V) Oxide (P^Oio). Although usually termed phosphorus 
pentoxide and formulated as a monomer, this compound has been 
shown by vapor density determinations to be dimeric.®** Electron 
diffraction data*" show the structure to be the same as that of the 
P 4 O 6 molecule, but with an extra oxygen atom on each phosphorus 
atom at the very short P—0 bond distance 1.39 A. Each phosphorus 
atom is thus surrounded tetrahedrally by oxygen atoms, throe oxygens 
in each tetrahedron being common to three other tetrahedra. 

Phosphorus(V) oxide exhibits polymorphism. Comprehensive stud- 
ies*"“*** show that three crystalline forms can be distinguished. 
Certain characteristics of these forms are summarized in Table 15-19. 
Combustion of phosphorus yields the volatile hexagonal form (H), 


TABLE 15 10 

Poi-YMORPHic Forms of P«Oi(> 


Form 

Designa¬ 

tion 

Triple Point 

Den¬ 

sity 

Heat of 
Vaporization, 
kcal./mole (P^Oto) 
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TtlTtX, 

1. Solids 
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Hexagonal 

H, 1,0 
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3000 

2 30 

22.7 

Orthorhombic 

0, ir 

562 

437 

2 72 

36.4 

Tetragonal 

T, III 

580 

655 

2.89 

33.9 

2. Liquids 






Metastable (from H) 





16.2 

Stable (from T) * 





18.7 


in which the structure of the vapor is preserved.*®* Heating the hex¬ 
agonal form at 400“ to 500®C. converts it to an orthorhombic modifica¬ 
tion ( 0 ), which appears to be an infinite sheet type of polymer made up 

w»E. V. Britzkes and E. HofTmann: Afonaish., 71, 317 (1938). 

***W. L. Hill, G. T. Faust, and S. B. Hendricks: J. Am. Chem. Soc., 65, 794 
(1943). 

***H. C. J. de Decker and C. H. MacGillavry: Rcc. Irav. ehim., 60, 153 (1941). 

”*H. C. J. de Decker: Rec. trav. chim., 60, 413 (1941). 

***65. H. MacGillavry, H. C. J. de Decker, and L. M. Nijland: A^otnre, 164, 
448 (1949). 
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of interlocking rings but based upon P 04 tetrahedra.=« Heating to 
still higher temperatures gives a tetragonal modification (T) in which 
corrugated sheets of P^Oio molecules are found.=“ The tetragonal 
form is the stable form and is remarkable in that it can be heated above 
its melting point (to 700®C.) without melting.Rapid heating of 
the hexagonal form gives a liquid which polymerizes rapidly to a glass. 
A stable liquid is formed when the tetragonal form is melted. The 
stable liquid is apparently a polymer of the unstable form.*** 

All solid forms of phosphorus(V) oxide react readily with water, 
forming initially raetaphosphoric acid and eventually the pyro and 
ortho acids (p. 646). On exposure to moist air, all three forms absorb 
water at the same rate initially, but as time passes the hexagonal form 
absorbs more rapidly than the others.”* In contact with liquid water, 
the hexagonal form reacts with spattering (and with explosive violence 
if finely divided); the orthorhombic form dissolves slowly even on the 
steam bath; and the tetragonal form gives first a stiff gel which then 
liquefies. 

Phosphorus(V) oxide is the principal product of the air oxidation of 
phosphorus when excess oxygen is present, but small quantities of the 
lower oxides are produced also. These can be removed only by pro¬ 
longed oxidation at 175® to 2(K)®C. Dehydration of the phosphoric 
acids is impractical because of the marked affinity of the oxide for 
water. 

Phosphorus Trioxide (PO,) or Hexoxide (P*Oe). Passage of a mix¬ 
ture of phosphorus(V) oxide and oxygen through an electric discharge 
at about 1 mm. of mercury pressure has been shown to yield a violet- 
colored condensate containing 5 to 6% of an oxide PsO#.***’ Extrac¬ 
tion \vith chloroform effected concentration up to 11%. On being 
heated to 130®C., the oxide yielded oxygen and the pentoxide. Treat¬ 
ment with water gave a solution which oxidized iodide to iodine, 
manganate to permanganate, etc., and had the general properties of 
peroxydiphosphoric acid solution (p. 512). The oxide, unlike its 
nitrogen analog (p. 612). appears to be a peroxy material. The d^enc 
formula is suggested to emphasize the relation to the peroxy acid 
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A. Smits and H. W. Deinuro: Z. phynk. Chem., 149A, 337 (1930). 

MI p. w. Schenk and H. Plat*: Nalurwitaen^chaften, 24, 651 

Ml p. W. Schenk and 11. Rehaag: Z. anorg. allgem. Chem., 2S3, 403 (1937) 
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but the color of the compound would be in better accord with a mono¬ 
meric structure. Magnetic data would permit decision as to the cor¬ 
rect formulation. 

The oxy octeis of phosphorus 

Like sulfur, phosphorus has a number of oxy acids, in addition to 
those based directly upon oxides as anhydrides, that are known either 
in the free condition or in the form of salts. The summary given in 
Table 15*20 lists the phosphorus oxy acids. Polymers are not included. 
Certain of these compounds are discussed in detail below. The 
peroxy acids have been described in Chapter 14 (pp. 511-515). 
Arsenious (HjAsOi) and arsenic (H>As 04 , HiAsjO?, HAsOi) acids (or 
salts) are comparable to the corresponding phosphorus compounds. 
Tripositive antimony is amphoteric, and tripositive bismuth is basic 
in character. Antiraonates and bismuthates, containing the penta- 
positive elements, differ markedly from the phosphates and arsenates 
and are never polymeric. 

Hypophosphorous Acid (HiPOj)* Free hypophosphorous acid is a 
colorless, crystalline compound melting at 26.5*0. The compound 
dissolves readily in water, where it behaves as a monobasic acid. This 
suggests strongly that only one hydrogen atom is attached to an oxygen 
atom (Table 15*20), as proposed by Werner, and seems to preclude 
the existence of a tautomer 

H 

• • 

: 0 : 

H : 6 : P : 

«• • • 

H 

That this is the case is proved rather conclusively by Raman data for 
the acid,”* by x-ray data obtained for the ammonium salt,”* by crystal 
structure determinations on salts M‘'(HsPOj) 2 -6HiO(M'‘ = Co, 
Ni),®*' and by the lack of exchange when the potassium salt, 
KHiPOj, is dissolved in deuterium oxide (p. 392).”® The ion H*POi“ 
is tetrahedral. 

In aqueous solution, hypophosphorous acid is moderately strong 
(^a' = 10'®). The salts are uniformly water soluble. Aqueous solu- 

*•* A. Simon and F. Feh6r: Z. anorg. allgem. Chem., 230, 289 (1937). 

”* W. H. Zachariaaen and R. C. L. Mooney: J. Chem. Phya., 2, 34 (1934). 

A. Ferrari and C. CoUa: Gau. ehim. Hal, 67. 294 (1937). 

*** H. Erlenmeyer and H. G&rtner: Belt. Chim. Ada, 17, 970 (1934). 
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TABLE 15-20 

OxY Acids of Pbosphoeus 
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:0 : t 0 : 

•• •• — 

H:0 :P : P:0:H 

•« •• •• •• 

:0: tO: 


acid. aalU 


HPOi metaphocpborio actd 


H : 0 : P : 0 : 
: •• 
:0 J 


•alU 


HiPiOx triphosphoric »eid (tripoly 
phocpnorie fteia) 


H : O 


P : O 


.»1U 


0 i H 


H«PtO» pyrophosphorio oeid 


:0 : : 0 
H : 0 : P : 6 : P 
“ ; 6 : : O 


0 : H 


ACid. Ult* 


HiPO. orthophosphorie »dd 


H : O 


O : H 


acid, sdw 
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Formula 

Nauic 

j 

Apparent 

Oxidation 

Stutc 

PljoftphoriiA 

l*rot)i&Me Stnjc(urc 

Frrpn ration 


1 



% t 

\ o 

\ 1 

% » 1 


H.PO» 

p«roiyniono{»ho»|»}u>ric 

acid 

1 

1 

+ 5 

ir: 0 

• • 

1 

1 

% % 

: 1* 

: 0 

; 0 : 0 ; fl 1 

1 

# 1 #4 

Ka h A 


1 



^ • 

H 

H 






: 0 

% 4 

■O: 


HiPiOi 

pcrox>*dipho«|>horic acid 

+ 6 

;H ;b 

: P 

: 0 : 0 r P : 0 : H 

A&ltJ 




• « 

«• 

: 0 

: 0 : 






H 

^ • 



tions are stable thermally but decompose to hydrogen, phosphine, and 
orthophosphoric acid above 140®C. 'I'he pure acid and its salts decom¬ 
pose similarly at elevated temperatures. As shown by the couples 

H,PO, -h HjO H,PO, + 2H+ -H 2e- El,, = 0.59 volt 
and 

P + 2H,0 HjPO^ + + c- = 0-29 

in acidic solution aiul the couples 

H,POr + 30H- - HI>Or= + 2H,0 + 2e- = 1,05 volts 

and 

P + 20H- - H,POr -he- = 1.82 

in alkaline solution, hypophosphorous acid and its sails are strong 
reducing agents and weak oxidizing agents. Although oxidation is 
effected by many oxidizingagents(e.g., halogens and heavy metal ions), 
many such reactions are very sh)w,"*®-^'’* possibly because of the pres¬ 
ence of two forms of the acid in .«low etpiilihrium with eacli other. 
Because of the reducing power of pho.sphoroiis acid (p. 018), strong 
oxidants convert hypophosphorou-s acid to phosphoric aci<l. 

Hypophosphites are formed when white phosphoru.s i.s dissolved in 
strongly alkaline fXaOH, HafOH),] solutions 


IP -f SOU - + 3UjO->3H:PO, + PII 3 

From a solution of the crystalline barium salt, BafllsPOOs HjO, the 

*•* n n' 117, 1322 (1920). 

. . GrifBth and A. McKcown: Tran$. Faraday Sor., 30, 530 (1934). 
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acid can be obtained by precipitation of barium ion with sulfuric acid, 
evaporation below 130®C., and crystallization at 0®C. 

The Phosphorous Acids (HPO 2 , HiP20b, HbPOs). Although the 
meta and pyro acids are obtainable either as such or as salts, the 
ortho acid is the only one which is important. The meta and pyro 
acids hydrate rapidly to the ortho acid in aqueous solution. The 
ortho acid is commonly called phosphorous acid. The solid ortho 
acid melts at 71.7° to 73.6°C., is deliquescent, and dissolves readily in 
water, where it behaves as a dibasic acid. By analogy to hypo- 
phosphorous acid, this behavior suggests that one hydrogen atom is 
covalently bonded to the phosphorus atom (Table 15-20). No sup¬ 
porting physical data are available. Although the only prcparable 
salts are of the types M'HjPOj and Mi'HPOj, two series of esters 

with structures 


R 
• # 

: 0 : 


R 


R:0:P;0:R and R:0:P:0:R 

• • • « • • 

: 0 : 


are known. This, plus the faet that the acid itself results from the 
hydrolysis of phosphorus trichloride, suggests the possibility of a 

tautomeric equilibrium 

H 

; 0 : ' ^ ■ 

• • ■ • • « 

H:6:P:0:H;=;H:0:P:0:H 

• • • ♦ • ♦ 

H 

If such an equilibrium does exist, it must be displaced almost com¬ 
pletely toward the dibasic form. , . , . a- ' = 10"* 

In aqueous solution the acid is moderately strong ^ 

^ '= 2 X 10-’ at 18°C.). The alkali metal salts of both senes 

.s...... 

lowing couples 

H.PO. + H.0 H.PO. + 2H^ + 2e- «?.. = 0.20 volt 
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in acidic solution and 


HPOr* + 30H- ^ POr* + 2H,0 + 2e- = 1.05 volts 


in alkaline solution, phosphorous acid and the phosphites are strong 
reducing agents but weak oxidizing agents. As with hypophosphites, 
reactions with oxidizing agents are often slow, particularly at ordi¬ 
nary temperatures, e.g., those with the halogens,”*"*" dichromate, and 
peroxydisulfate. Phosphoric acid or phosphate is the oxidation 
product. 

Phosphorous acid is prepared most readily by passing air laden with 
vapors of phosphorus trichloride through ice water. Crystals of the 
acid resulting from hydrolysis form readily. Insoluble lead phosphite 
can be treated with hydrogen sulfide to give a solution from which 
phosphorous acid can be crystallized. Cation exchange resins oper¬ 
ating on the hydrogen cycle could probably be used effectively to 
convert salts to the acid. Salts are readily obtained by neutralization 
of the acid. The meta acid forms when phosphine is burned in a 
limited amount of air. Dehydration of sodium phosphite, NaiHPOj- 
21HjO, at 160®C. in a vacuum gives the pyrophosphite, NajH 2 PaOs. 
These materials give orthophosphites in aqueous solution. 

^ypophospkoric Acid {H 4 P 1 OB). That hypophosphoric acid is 
properly represented as a dimer rather than as the monomer H-POj 
follows from cryoscopic data on the acid and its salts,*•» the diamag¬ 
netic properties of a number of its salts,*•» the crystal structure of the 
ammonium salt, (NH«),H,P,0,,*” and Raman data.*" That the 
stmcture involves a P—P bond is indicated by the formation of the 
acid and its salts only from materials containing P—P links (p. 644), 
y x-ray absorption edge data,*” by crystal structure data,*®° and by 
the remarkable resistance of the hypophosphate to oxidation. 

In ^ueous solution, hypophosphoric acid is tetrabasic (pfc*/ = 2 . 2 , 

P Ai 2.81, = 7.27, pk*/ = 10.03). Since the first two hydro- 

^ns are about equally easy to remove, it is not surprising that the 
mMt common salte are of the type M,'H,P.O.. Salta of the typea 
lO, and M 4 PiO« are also obtainable. Hypophosphoric and 

»• p n' 0923). 

(1940h ^ ^ P- Taylor: Tran,. Faraday Sac.. 36, 762 

(1940)! ^ A. McKeowa: Trans. Faraday Soc., 2B, 611 (1933); 36, 766 

**• F r' Z- anarg. aiigem. Chsm., 212, 169 (1933). 

p ?. Soc., 1933, 48. 


MIJ Hobbs: ATalure, 164 , 113 (1949). 

. GupU and A. K. Majumdnr: J. Indian Chem. Soc., 19, 


286 (1942). 
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pyrophosphoric acids are roughly comparable in strength. Aqueous 
solutions of the acid disproportionate as 

lUPzOo + H2O ^ H,P 03 + H3PO4. 

and this reaction is characteristic of acidified salt solutions as well. 
In neutral or alkaline solutions, the salts are stable. However, hypo- 
phosphate does not exchange radioactive phosphorus with phosphate.*®* 
The potassium salts are quite soluble, the sodium and lithium salts 
are only moderately soluble, and the normal thorium and silver salts 
are quantitatively insoluble, the former even in 6 acid. The 

couples 

H.P,0,+ 2HjO;^2H,PO, + 2H+ + 2e- B?,, = ca. 0.8 volt 


and 


2 H 3 PO 3 ^ H«PiO« + 2 H+ + 2c- 


= ca. -0.4 volt 


emphasize the facts that even powerful reducing agents do not convert 
phosphoric acid into hypophosphoric acid and that treatment 0 
phosphorous acid with a sufficiently powerful oxidumg ^8^“° f ™ 
hypophosphoric acid will give phosphoric acid instead, 1 he halog 
and dichromate are without effect upon hypophosphates. Permang 

nate oxidizes them very slowly. l.nH salt 

Hypophosphoric acid can be obtained in solution from ““ lead saJ 

by acLn of hydrogen sulfide or from water-soluble -iction ^f 

hydrogen-cycle cation exchangers and can be crysUlh«d by_^ouum 

evaporation as “ oH,0 Oxidation of red phos- 

prepare the disodium salt, ,,upline 

phorus with sodium ^ 2 %). Other 

media is most con%enient, b ^ nnnH P Ij fo 629) hydrolysis 

of phosphorus tnhalides i P . . solution, and anodic oxida- 

phosphorus in eontact w, h -diurn solut.o^, 

ose, with water gives phosphorus and orth. 

phosphoric acids rather 'h“n hypophosphoric^aad.^^^^^^^^ 

The Phosphonc j,, p„st hundred-odd 

jects have received more hterat 

- of these materials have been 

11. tiuinty: Dortonil 

rhul’ki r dm. CTcm. Sec., 71. 2385 (1949). 

9b*K. Iciinii.KtT alKl 1. *■ txulsKi. J. /» 
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made apparent and systematic relations among them established. 
Much of the difficulty has been imposed by the existence of so-called 
condensed or polyphosphates, the compositions and structures of 
which have not been well established. These are materials which are 
derived from more than a single mole of anhydride (taken as PjO^) and 
embrace the metaphosphates, triphosphates, and pyrophosphates. 
Much work has dealt with the salts themselves rather than with the 
acids, but conclusions reached for the salts can be extended in certain 
cases to the acids. A number of important summaries may be con¬ 
sulted with advantage. 

All structures of the phosphoric acids and their salts are based upon 
PO^ tetrahedra. It is only in the orthophosphate, however, that dis¬ 
crete PO* groups are found. In the pyro- and triphosphates, two and 
three such tetrahedra, respectively, are attached by shared oxygens, 
as shown in Table 15-20. The metaphosphates are even more com¬ 
plex. Although metaphosphoric acid is written as a monomer in 
Table 15-20, neither the acid nor its salts are ever monomeric. The 
simplest motaphosphates are the trimer and the tetramer in which 
the sharing of oxygen atoms between tetrahedra gives the cyclic 
arrangements 


trinMtAphofphftU 



t*tTVD«uphoiph«U 


In addition, there appear to be higher polymers, (POj),“*, of indeter¬ 
minate molecular weights in which linking of PO* tetrahedra continues. 

“‘H. Terrey: Ann. lUportt, 84 , 115 (1937). 

K. Karbc and G. Jander: Koltoid^BeikefU, 84 , 1 (1943). 

*”0. T. Quimby: Chem. Rev$., 40, 141 (1947). 

!** r Clum. Educalum, 28. 80 (1948). 

E. P. Partridge: Chem. Eng. Nexos, 27, 214 (1949). 

**• B. Topley: Quart. Revt., 8 , 345 (1949). 

Audrieth and R. N. BeU: Inorganic Synihesee, Vol. Ill, p. 85. McGraw- 
HUl Book C5o.. New York (1950). 
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The condensed phosphates are therefore related to each other and 
to the orthophosphate by processes of polyanionic aggregation*®*- *“ 
which can be summarized by the equations: 


2HP04-" 

(i.e., 2 P 04 -* + 2H+ 
H 2 PO 4 - + 2HP04-* 
(i.e., 3 P 04 -* + 4H+ 
xH2P04- 

(i.e., xPO*-* -b 2iH+ 


P 2 O 7 -* + H,0 
PjOt-* + H,0) 
PjOio-* + 2H*0 
PaOio-* + 2H,0) 

(POi),-* + xHjO 


H+;P04-» = 1.00 


= 1.33 


= 2.00 


(i.e., xPO*-* -b 2xH+ -» xPOr + xHjO) 

Unlike comparable anionic aggregation with molybdates, tungstates, 
etc. (pp. 276-277), such reactions do not occur when orthophosphate 
solutions are acidified, but they certainly take place at elevated tem¬ 
peratures, where they have preparative significance, and probably 
take place in concentrated phosphoric acid solutions. 

As shown in the preceding sections, phosphates (unlike nitrates) 
are very poor oxidizing agents. A summary of analytical procedures 

is given by Audrieth and Bell.*‘^ , , * c 

THE PHOSPHORIC ACIDS. The phosphoric acids are hydrates of 

phosphorus(V) oxide and may be related to each other and to the 
Lhydride in terms of the following hydration-dehydration sche . 

HiO 


HiO 


p O ^ (HPO.). ^ H.P.O.o i=g H.P,0, 

i™::, ^ (P.o" mo.. ■“ (P.O,..l 33H.O, (P.O....H.O. 

HlO TT T>/\ 




HiPO. 


(P40i«-6H,0) 

It does not follow that all these transformations are attainable m 
pracre, but treatment of the anhydride with excess water gives the 

t^eous solution all the ^ 
phoric acids, regardless of their hydrogen is 

“‘f ” oXr hTdrogen atoms are less strongly 

L-r but a" fjt neutralised in formation. lon^ 

.'=11 X 10-, It.,' = 2.1 X I0-> = 4.1 X 10- at 18 C.) 

H, van W.acr and K. A. Ho,at: Am. CAro. Sor.. 7,. 639 ,1950,. 
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acids. Triphosphoric acid appears to be somewhat stronger than 
orthophosphoric acid. It appears that in the highly condensed phos¬ 
phates there is a single weakly acidic hydrogen atom at each end of a 
chain of PO 4 groups.*^* These data, in conjunction with the knowledge 
that POi tetrahedra are present, arc indicative that no branched chain 
materials exist in solution. 

The so-called strong phosphoric acids, i.e., those containing more 
phosphonis(V) oxide than that corresponding to the ortho acid (above 
72.4%), are mixtures of the condensed acids. Analysis of such mix¬ 
tures has shown*** the relative quantities of ortho-, pyro-, tri-. and 



Fio. 16-3. Compositions of the “strong” phosphoric acids. (Adapted from R. N. 

BeU: Ind. Eng. Chem., 40, 1464 (1948).) 


“hexameta”- phosphoric acids, together with an unknown component, 
to vary with the anhydride content as indicated in Figure 15-3. It is 
apparent that, unlike the fuming sulfuric acids or oleums (p. 541), 
the strong acids of phosphorus cannot be regarded as mixtures of the 
anhydride and the ortho acid. 

The ortho acid may be obtained as a crystalline solid melting at 
42.35® to 42.45®C. by removing water from concentrated (syrupy) 
orthophosphoric acid at reduced pressures and low temperatures.*** 
The pyro acid may be prepared as crystalline solid melting at 61®C. by 
spontaneous crystallization of a polyphosphoric acid mixture contain- 

***R. N. Bell: Ind. Eng. Chem., 40, 1464 (1948). 

/nerjonic Syntheses, Vol. I, p. 101. McGraw- 

Hul Book Co., New York (1939). 
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ine 79.8 + 0.2% phosphorus(V) oxide.’^® Dehydration of ortho- 
phosphoric acid or treatment of the anhydride with an appropriate 
quantity of water gives the meta acids, but they cannot be isolated 
as pure substances. Aqueous solutions of the various acids are 
obtained 1 ^' treating the appropriate salts with hydrogen-cycle cation 
exchangers^‘* or by action of hydrochloric acid or hydrogen sulfide 
on suitable heavy metal salts. 

THB ORTIIOPHOSKHATES. Normal orthophosphates are difficult to 
obtain because of the low acidity of the third hydrogen atom in the 
acid. It is probable that precipitation reactions usually yield either 
basic orthophosphates or salts containing the HPO 4 "* or HjPOa 
groups. Both these.anions appear in well-characterized series of salts, 
especially of the alkali metals. It is obvious, of course, that the species 
present is dependent upon the pH of the medium in terms of the 

equilibria 

HaPOr HPOr* ^ POr® 


incr<^a3inK pH 


dfcrcaaiog pH 

Mixtures of monohydrogen and dihydrogen orthophosphates are well 
known as buffers. These compounds are useful in the preparation of 
condensed pho.sphates. The water solubilities of salts generally 
decrease in the series H,POr, HPO,-, POr^ Orthoarsenates and 
orthovanadates are very similar to orthophosphates m 
solubility properties. Poly acids derived from orthophosphates am 

common (pp. 2J3-276)_ p_o bond distance 

has been established by x-ray data tne 

being 1.55 A. In the acid anions, e.g., H 2 I U 4 , nya g 

phosphates, etc, havmgap,.ared^ Pyjoph»^^^^^^^^^ 

to two senes, M 2 H 2 P «07 an UAiotions between tlie 

tho.se of the alkali “formal salts are especially 

two senes are again pH depenaeru The crystal 

characteristic of Tratenfeid wi^ -- 

PoTScIrl 1 nked through oxygen. The pyrophosphate ion com- 

rrllowan: V„,. p. .6, McOraw-H.H Uc«. Co., 

"'"Itcr“Kr,..,74.30a<.030^ 

... L. IldmlioU: J. CTr,„. a. 

... G. It. Is-vi „n.l Cl. IVyroncl. 7. Ar/V , 92, ' 



Ch, 15 


649 


The Oxy Adda of Phosphorus 

plexes many metal tons.**’- In solution, pyrophosphates hydrolyze 
slowly to orthophosphates. Of the pyrophosphates the sodium com¬ 
pounds are most commonly prepared. The disodiiim salt forms either 
when sodium dihydrogen orthophosphate (NaH 2 p 04 ) is heated at 
210®C. or when tetrasodium pyrophosphate is treated with acetic 
acid.”* The tetrasodium salt is obtained when disodium hydrogen 
orthophosphate is heated at 500®C.*^* 

Triphosphates are of the types, Ms'PjOjo and M’M"iPiOi 0 f no 
acid salts having been described. The sodium salt, NajPjOio'GHiO, 
is most common. It is employed extensively in detergents. In solu¬ 
tion it gives precipitates with many di-, tri-, etc., positive metal ions, 
but these precipitates are often soluble in excess triphosphate, sug¬ 
gesting complex formation.*’® The hydrated sodium salt is con¬ 
veniently prepared by hydrolysis of sodium trimetaphosphate with 
sodium hydroxide. Further hydrolysis to orthophosphate is very 
slow. The anhydrous sodium salt exists in two forms. The stable 
phase, Na&PjOi<rI, is formed when a mixture of one mole of sodium 
dihydrogen orthophosphate and two moles of disodium hydrogen 
orthophosphate is heated at 540® to 580“C.”* A metastable phase, 
NasPiOirll, forms when the same mixture is heated at 850® to 
900®C., annealed at 550®Ci, and cooled rapidly in air.”* The two 
forms have different x-ray diffraction patterns.”* 

The phase relations existing among the anhydrous sodium poly¬ 
phosphates at elevated temperatures are shown in Figure 15-4.*** 

THE MET.VPHOSPHATES. Inusmuch as the only really systematic 
studies of metaphosphates deal with the sodium compounds, this dis¬ 
cussion is restricted to sodium salts. The multitudinous sodium 
metaphosphates described in the literature appear to be either simple 
cyclic crimers or tetramers, insoluble salts, or high-molecular-weight 
glasses. These compounds have been described by a variety of names, 
but in the absence of any exact knowledge of the molecular complexities 
of the materials no systematic nomenclature is possible. That sug¬ 
gested by Partridge*®* and summarized in Table 15-21 is mdely 
accepted. The sodium metaphosphates are the final products in the 
dehydration (or aggregation) of sodium dihydrogen orthophosphate or 
disodium dihydrogen pyrophosphate, and their natures are entirely 
dependent upon the thermal treatment employed. The general rela- 


*‘*L. B. Rogers and C. A. Reynolds: J. Am. Chem. Soc., 71, 2081 (1949). 

J. R. Van Wazer and D. A. Campanella: J. Am. Chem. Soc., 72, 655 (1950). 

*”R. N. BeU: Inorganic Synthecec, Vol. Ill, pp. 98-106. McGraw-Hill Book 
Co., New York (1950). 

*** E, P. Partridge, V. Hicks, and G. W. Smith:/. Am. Chem. Soc., 68, 454 (1941). 
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tioDships existing among these materials are summarized in Table 

15 - 22 ."* 

1 . CYCLIC METAPHOSPHATES. Sodium ttimetaphosphate exists in 

three polymorphic forms, NaPOj-I' and NaPOrl” being unstable 



Composition. %Na4Pj07 


Fio. 15-4. Phase relations in the system NaP0,-Na«Pi07. (Adapted from E. P. 
Partridge. V. Hicks, and G. W. Smith: J. Am. Chem. Soc., 63, 454 (1941).) 

with respect to NaPOrl (Knorre’s salt) as shown in Table 16-22. 
The stable form is the one commonly prepared.*” All three forms are 
readUy soluble in water, and the 6-hydrate is readily crystallized from 


TABLE 16-21 

Nomenclature of the Sodium Metafhosphatm 


Usual 

Formula 


C01DII10& Naid 4 


Pref«rr*d 


Prtferred Fcmul* 


(NftPOi)i 

(NaPOi)f 


NaPOi 


NftPOi 


•odium he«meUpho«pb*te .odium (1:1) pI»o*phato *1 
•odium trimcuphcphat* wd.um 

A A A 


MaddroU’. mII 
Kurrol'* ult 


•odium fneUpbo*ph»te-l" 
•odium BicUpbo«pb.to-n 
•odium m«Upho«pb»t«-IlI 
•odium m«l»pbo«pb»t«-IV 


M. N.iO (1:1) PfO« 

NaPOi-l 
N»POi-r 
N*PO»-r' 
N*POi-!I 
1 N.POt-llI 
N»P0,-1V 


aqueous solution on addition of sodium chloride.*” Aqueous solutions 
no^ss no calcum-sequestering power (p. 653). They undergo slow 
hydrolysis to orthophosphate eia triphosphate. Conversion to 

•« R. W. Uddell: J. Am. Chfm. Soc., 71, 207 (1949). 
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phosphate is rapid in 1% sodium hydroxide at 100®C. Ions such as 
zinc, silver, or barium are not precipitated by the trimetaphosphate. 
Evidence that the material is trimeric is derived from cryoscopic 
studies,®^* conductance data,®“ titration studies/^® and the existence 
of salts of the type NaM'^PaO*. That the structure is cyclic is sup¬ 
ported by some crystallographic evidence.®*® 

Although not indicated in Tables 15-21 and 15-22 a water-soluble 
sodium metaphosphate which physical data”*- show to be a tetra- 
mer has been prepared by reacting hexagonal phosphorus(V) oxide 
(p. 637) with sodium carbonate 10-hydrate.The 4- and 10-hydrates 
are crystalline compounds. The tetrametaphosphate is hydrolyzed 
in alkaline solutions to pyro- and orthophosphates and possibly to 
triphosphate as well. It is of interest that crystals of aluminum meta¬ 
phosphate are made up of and cyclic P 40 ia“® ions.**® A copper(II) 


derivative has been described. 

2. INSOLUBLE METAPHOSPHATES. The initial dehydration of sodium 
dihydrogen orthophosphate yields, as temperature is increased, two 

water-insolublemetaphosphatesdesignated, respectively, as NaPOj Ill 

and NaPO*-II. It is believed that the material referred to the it- 
erature as MaddrelPs salt is a mixture of NaPO,-III and NaPO, 11 
although some prefer restricting MaddrelPs salt to NaPOa-I - 
The two compounds appear to be very similar chemically and 
physically, but their x-ray diffraction patterns are different No 
stnictural data are available, but the materials are apparently highly 

Kurrol’s salt has been applied rather loosely 

insoluble sodium metaphosphates. ^ g 

mstricted to the fibrous crysta.hne mater.al tamed y 

seeding a ™ Vf^^wel eTablished although the 

fact that its formation occurs / xhe material swells 

prevented its preparation y^man^in a^ighly viscous sol (or gel). 

GLASSES. Rapid cooling of sodium metaphos- 

3. METAPHOSFHAir/ rtlntol orcvents dcvitrifica- 

phate melts (e g., by pouring on a steel plate), prove 

... p. Boaneman-Bcmia; Ann. H R 

...C, W. Davies and C. B. J- 481 ", M7) 

...L. Pauling and J Sherman; Z. hr„l . 96, 481 (IWri- 
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tion, and produces transparent, water-soluble glasses which crystallize 
on being reheated to SOO^C. or above largely to NaPOs-I but to a 
lesser extent to NaPOa-II (Table 15-22). Glasses form whenever the 
Na20;P!0s ratio is in the range 1:1 to 5:3, from which it is apparent 
that the composition is not necessarily exactly that of a metaphosphate. 
True sodium metaphosphate glass is sometimes called Graham's salt, 
and for many years the term hexametaphosphate was applied. It has 
been shown that discrete (P 03 ) 6 ”® units are not present, indicating 
the inaccuracy of such a term. It is better to describe all the glasses 
in terras of the Na: 0 :Pi 05 ratio,""* Graham's salt then becoming 
sodium (1:1) phosphate glass (Table 15-21). 

The degree of aggregation is dependent upon the exact conditions 
of preparation and upon the exact composition. Dialysis measure¬ 
ments upon aqueous “solutions” of sodium metaphosphate glasses*®* 
indicate molecular weights in the range of 1000 to 8000. Values up to 
13,000 are indicated by sedimentation studies,*** and end-group titra¬ 
tion data*** and viscosity data*** are consistent with highly polymeric 
conditions. Solubility fractionation by the addition of organic sol¬ 
vents such as acetone*** effects separation into materials of a variety 
of ionic weights. In glasses approaching the SNujO-SF^Oi composi¬ 
tion, there is definite evidence for the presence of crystalline pyro- 
and triphosphates.*** The glasses are apparently made up of PO 4 
tetrahedra and amount to condensation polymers.*** In the composi¬ 
tion range from vitreous P 40 io to the 1:1 glass, the materials have 
three-dimensional structures which vanish on dissolution. When the 
Na 20 :Pj 06 ratio exceeds one, the polymers are straight chain.*** 

The 1:1 glasses behave as higli-temperature acids in reactions with 
metal oxides,*** sulfides,*’* and fluorides”* (pp. 333-334). Another 
striking characteristic of Graham's salt is the ability of its aqueous 
solutions to complex (“sequester”) metal ions. This is of particular 
importance with the ordinarily difficultly complexed calcium ion and 
is of course responsible for the widespread use of the metaphosphate 
as a water-softening agent. Although no complexes have been isolated 
as such and the true natures of the species present in solution have not 

***0. Lamm and H. Malmgren: Z. anorg. allgem. Chem., 246, 103 (1940); 262, 
256 (1944). 

*** J. R. Van Water: J. Am. Chtm. Soc., 72, 647 (1950). 

»” Ibid., 906. 

**• Ibid., 644. 

”‘L. F. Audrieth and T. Moeller: J. Chem. Education, 20, 219 (1943). 

*•*0. F. HUl and L. F. Audrieth: J. Phyt. Colloid Ckcm., 64, 690 (1950). 
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been established with absolute certainty, polarographic and pH titra** 
tion data“® indicate chelation as represented by the structure 

o 0 

—0-P—0—etc. 

.0 

X 

Dissociation constants for a number of such complexes, including those 
of the alkali metals, have been evaluated for a particular glass.”® It 
is of interest that the other non-cyclic polymeric sodium metapbos- 
phates (NaPOi-II, NaPOs-III, NaPOj-IV) also complex metal ions. 
The physical properties of aqueous solutions of sodium metaphospbate 
glass are described by Van Wazer.*” 



Pho$phoriis~8ulfur compounds 


Phosphorus sulfur compounds include the phosphorus sulfides, phos¬ 
phorus oxysulfide, the phosphorusfV) sulfohalides (pp. 630-632), the 
thiophosphoric acids, and the ammonothiophosphoric acids (p. 660). 

Phosphorus Sulfides. The older literature notwithstanding, there 
appear to be only four phosphorus sulfides.*** They are the materials 
PiSi, P 4 S 6 , PiS?, and P 4 Sio, the physical properties of which are sum¬ 
marized in Table 15-23. Except for the last (PiSio), these compounds 
are obviously not the analogs of the oxides (p. 635). Although data 
are lacking on the structures of these compounds, Pemert and Brown*** 
believe the following structures to be consistent with the general prop¬ 
erties of the compounds P 4 SJ, P 4 S 7 , and P 4 S 10 : 



*” J R. Van Water: Ind. Eng. Chem., 41 , 189 (1949). 

«« j! C. Perncrt and J. H. Brown: Chem. Eng. Newt, 97, 2143 (1949). 
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The P 4 S 10 structure is analogous to those of P 4 O 10 (p. 637) and P 4 S 40 « 
(p. 657). These structures arc based upon tetrahedral phosphorus 
atoms. Except for the compound P4S10, they should be regarded as 
no more than provisional. The presence of four phosphorus atoms to 
the molecule in each is probably significant. 

All the phosphorus sulfides are yellow crystalline compounds. The 
formulas given are consistent with molecular weights as determined 
from vapor densities or the properties of benzene or carbon disulfide 


TABLE 1523 

Physical Characteristics of Phosphorus Suludes 


Property 

P 4 S, i 

1 

P4S, 

P.S7 

P 4 S 10 

Color 





solid 

yellow 

yellow 

nearly white 

yellow 

liquid {300®C.) 

brownish-yellow 

(dec.) 

yellow 

red-brown 

Melting point, ®C. 

173-174.5 

170-220 (dec.) 

305-310 


Boiling point, ®C. 

407^08 

(dec.) 

523 

513-515 

Density, grams/cc. at 

2.03 

2.17 (25'’C.) 

2.19 


17*C. 





Solubility, grams /100 


1 

1 


grains solvent 





CS, (0*C.) 

27.0 


0.005 

0.182 

CS, (17*C.) 

100 

10 

0 029 

0.222 

C»H, (17^C.) 

2.5 


1 


C»H. (80*C.) 

11.1 


1 



solutions. Vapor density data indicate decomposition at elevated 
temperatures. AJl the si|lfides are soluble in aqueous alkalies with 
reaction to form hydrogen, phosphine, hypophosphite, phosphite, 
orthophosphate, and sulfide in varying proportions.**^ *’® The phos¬ 
phorus sulfides are useful in converting organic oxy compounds (e.g., 
alcohols, ketones, etc.) into the corresponding sulfur analogs. Phos¬ 
phorus sesquisulfide or tetraphosphorus trisulfide (P4S*) is a universal 
component of "strike-anywhere” matches. It oxidizes readily at ele¬ 
vated temperatures and in solution in carbon disulfide. Sulfur con- 

Tetraphosphorus penta- 
sulhde (P 4 S 5 ) IS poorly characterized. Tetraphosphorus heptasulfide 
it' 4 b 7 ) IS the most readily hydrolyzed of the four compounds and is 
particularly effective in the preparation of organic sulfur compounds.*** 
Phwphorus(V) sulfide or phosphorus pentasulfide (P4S10) is readily 
y rolyzed by water to orthophosphoric acid and hydrogen sulfide 
n is useful chiefly in the preparation of flotation agents and organic 

*" W. D. Treadwell and C. Beeli: Helv. Chim. Acta, 18, 1161 (1935). 
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sulfur compounds.. Its conversion to phosphorus(V) sulfohalides has 
been mentioned {p. 032). 

The phosphorus sulfides are prepared in general by direct reaction 
of the elements or from the sesquisulfide. Direct reaction of excess red 
phosphorus with sulfur in an atmosphere of carbon dioxide or in a 
vacuum at elevated temperatures, follow'ed by extraction with carbon 
disulfide or distillation, yields the sesquisulfide. The compound 
P 4 S& results when a carbon disulfide solution of the sesquisulfide and 
iodine is exposed to light. It is also formed together with P 4 S 7 when a 
molten mixture of phosphorus and sulfur (2P:3S) is cooled sloivly.”^ 
The compound P 4 S; may be separated from this reaction mixture by 
extracting the more soluble compound P*Ss wuth carbon disulfide. It 
also forms when the sesquisulfide is reacted with iodine in carbon disul¬ 
fide and, together with the compound P 4 S 3 . when P 4 SS undergoes 
thermal decomposition. Technical production of this compound m 
the pure state is quite recent.”* The “pentasulfide” (P 4 S 10 ) is 
obtained by the same procedure as the sesquisulfide, except that excess 
sulfur is employed. It is purified by recrystalhzation from carbon 

1 * 1 

* '^rsenic forms three sulfides, As.S. (realgar), As.S, (orpiment), and 
As,S, (perhaps As.S,,). In the vapor state, the first of these has a 

“cradle” structure (p. 549) 

S—As—S 


As 


As 


S—As—S 

with two --le atoms ah^^^^^^^^^^ 

sulfur a^'"® < of the compound .\s.S, has 

impounds. The on. hlsmnth 

sulfide, Bi.s„ is ''-"■'■‘r'y ;; '^tuhough an amorphous oxysnl- 

Phosvhorvs u.e L<,uisulfide in an organic 

'otv'en?tli‘’only‘oxysulfide of phosphorus about which much ,s known 

.=.C.-S. Lu and J. Donehno:./. fa. ffa,. Snr., 66, 818 (1044). 
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is the compound P 4 S 4 O 6 . This is a colorless compound (yellow when 
impure) melting at ca. 102®C. to a viscous liquid which boils at 295®C. 
The vapor is thermally stable, and its density corresponds closely to 
the formula given. Electron diffraction data’” show the molecular 
structure of the vapor to be the same as that of the compound P«Oio, 
oxygen atoms acting as bridges between phosphorus atoms. Perti¬ 
nent bond distances are P—0 1.61 A, P—S 1.85 A, and P — P 2.85 A, 
* and bond angles are 0—P—0 101.5", P—0—P 123.5", and O—P—S 
116.5". Resonance accounts for shortening of the P —0 and P—S 
bonds below single and double bond distances, respectively. The 
tetragonal crystals of the compound dissolve readily in organic solvents 
(e.g., CSj, CeHe). The compound is deliquescent and hydrolyzes 
readily to metaphosphoric acid and hydrogen sulfide. The original 
method of preparation”® by the violent reaction of phosphorus(III) 
oxide and sulfur in a sealed tube at 160®C. is much less convenient than 
a newer procedure”* involving direct reaction of the oxide P4O10 with 
the sulfide P 4 S 10 at 400" to 500"C. The product distills from the reac¬ 
tion mixture and is purified by subsequent distillations. 

Thiopkosphoric Acids and Their Salts. Fusion of sodium meta¬ 
phosphate glass with sodium sulfide yields the monothioorthophos- 
phate NasPOjS by an acid-base reaction.”* From solution, this mate¬ 
rial yields salts of the type NaM'^OaS ^HjO (M" = Ca, Sr, Ba),”" 
but addition of hydrochloric acid does not give the free acid. The 
acid H3PO3S, obtained by decomposition of aqueous solutions of the 
acid H3PO2S2, is fairly stable (10% decomposition at —2"C. in 18 
weeks) and may be concentrated to an oily liquid (84% H1PO3S) by 
vacuum evaporation at 0"C.”'' Reaction of phosphorus pentasulfide 
with sodium hydroxide solution saturated with hydrogen sulfide yields 
a mixture of thiophosphates from which the pure salt NasPOsS can be 
separated by dissolution in 10% sodium sulfide solution at 20"C. and 
crystallization at 4"C.’*“ This reaction also yields dithio-, trithio-, 
and tetrathioorthophosphates, all of which can be recovered by appro¬ 
priate fractionation.”® The salts NajPOiSj llHiO, NajPOSa llH^O. 

aj(POS3)i-6HjO, and Baa(PS4)2-12HjO have been characterized. 
Heavy metal thiophosphates appear to be water insoluble. Treat¬ 
ment of the compound Bai(PS4)2 with sulfuric acid, removal of barium 
sulfate, and evacuation to remove hydrogen sulfide give a 2% solu- 

i Am. Chcm. Soc., 61, 1130 (1039). 

M»'r ?•' f-- Tutton: J. Chem. Soc., 69, 1023 (1891). 

i« n M ^ alloem. Chem., 246, 16 (1940). 

K, Klement: Z. anorg. Chem., 263, 237 (1947). 
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tion of the acid HaPOiSj, which then hydrolyzes. Hydrolysis proceeds 
according to the scheme 

PO,S„-* + tiHzO-* PO^nVn-® 4- nHjS 

the ease of hydrolysis increasing wth sulfur content. Monothioortho- 
phosphates are stable in solution even above 80°C., but tetrathio- 
orthophosphates hydrolyze above 10*C. The paper by Klement*” ^ 
summarizes other work on these compounds. 

Arsenic and antimony sulfides form analogous compounds by reac¬ 
tion with aqueous sulfides and hydroxides. 


Phosphorus-nitrogen compounds 

Phosphorus-nitrogen compounds include the phosphorus nitrides, 
the phosphonitrilic halides (pp. 632-634), and the ammono derivatives 

of the various oxy and thio acids of phosphorus. 

Phosphorus Nitrides. Reported phosphorus nitrides are those mth 
compositions P,N., P,N, (or P.N.), and PN. The structures of these 
compounds have not been determined. The nitride P.Ns is a white 
solid which is hydrolyzed by water at 100°C. (or above) to ammonium 
phosphate and is converted by oxygen at 800'’C. to nitrogen and pho^ 
phorus(V) oxide. It is resistant to attack by aqueous hydrochbnc 
acid. This compound results when the addition P.S.-6NH. 

is heated to red heat in ammonia.'*' The nitride PiNi(P<N.) is 
solid which decomposes thermally to nitrogen and the substance PN 
at 757c. and hydrolyzes when heated with water to ammonium 
Thosphit; and phosphate. It is obtained by heating the im de 
P (NH), '*' The nitride PN exists in two amorphous forms, a (red 
stable resistant to cold sulfuric acid) and d (yellow decompo^ by 

nitrogen Pj>osplm™^^e^ ofri.atwes of Oxy Acids of Phosphorus. 
Ap"n':fth7concepts of the « ^ 

... A, S^ck and B, Hoffmann: „8, .839, .830 (1937). 

... Monreu and G. Wetroff. 

:: I m:::::: :nd a wermff: comp,, .m,., 307 . 9.5 <.938). 
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Tables 15-24, 15-25.*“■ Of these materials, only a few of the phos¬ 
phoric acid derivatives need be discussed. 

A number contain the PN"*"* grouping and are referred to a.s phos- 
phonitrilic compounds. These are hydrolysis or ammonolysis prod¬ 
ucts of the phosphonitrilic halides (pp. 632-C34). Similar aminolysis 

TABLE 1524 

Nitrogen Derivatives of Pho.sphoric Acid 
1. Aquo-Ammono Derivatives 


OH NH, 

/ NH, / NH, 

OP—OH-► OP—OH 

\ \ 

OH OH 

ortbophMpborie amidophoaphorie 
i^id ftcid 

i-NH» 

HNIPOfOHl.l,. 

I oudPui ph OiSph on e 
4 cad 


NH, NH, 

/ NH, / 

OP—NH,-► OP—NH, 

\ \ 

OH NH, 

dlAmidophoephorie phMphoryl 
*cid trismiOo 

I -NHi i-NHt 

f+H ,0 ^ NH 


(PN(OH),|, 
phosphonitrilic acids 
(motaphoipbimie acids) 


OP^ 

\ 

NH, 

pbosphoirl amid 
imide 

i-NH, 

OPsN 

phosphoryl nitride 


i-H,0 

PO(OH), 

HN^ 

\ 

POOH 

\ 

PO(OH), 

diimidotHphoipborio 

acid 

2. Am mono Derivatives 

P(NH,),-- ^ lNsP(NH,),],-^^ |KsP=NHI 

phoiphonie(V) nnude pboipboaitrilamide phosphftm * 


pboapbonii 

paalamide 


itnide 


TABLE 15-25 

Nitrogen Derivatives op Phosprorods Acid 

-* H,NP(OH),-^S (H,N),P0H-^ P(NH,), 

phoe^borou. enudophoiDhoroui dUmidophwphoroui phiphoroie 

^c>d triamidc 

P(NH,),- * HN=P(NH,),—P,(NH), 

phoepborouiflll) amide diphoephorua 
udo • •• • * 


imii 


Iriimido 


meric ct’ also. In keeping mth the poly¬ 
acids phosphonitrilic halides, the phosphonitrilic 

polymers and probably possess structures com- 

•‘■L F AuS^’. ^ A. D. F. Toy: Chtm. R„,., M, 99 (1943), 

. Audneth. Chem. Eng. 26 , 2552 (1947), 
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parable to those of the halides. The hydrogens in the phosphoni- 
trilamides are only very weakly acidic. Aquo-ammono compounds 
containing the OP+^ group are in turn hydrolysis and ammonolysis 
products of the phosphoryl halides (pp. 629-632). Aminolysis prod¬ 
ucts are known also. 

Phospham, [NPNH]., is of some interest. It is a white, infusible 
powder, insoluble in water and dilute acids but decomposed by fused 
alkalies to ammonia and phosphates. With sodamide (p. 577), it 
gives a salt NaNPN. With carboxylic acids, it gives nitriles. At ele¬ 
vated temperatures, the nitrides PaNs and PN result. Phospham 
results from the action of ammonia on phosphorus pentachlonde, 
phosphonitrilic chloride, or phosphorus pentasulfide or from the effect 
of heat on phosphonitrilamide or phosphoryl amide. 

Ammono Denvaiives of Thiopkosphoric Adds. The compounds 
listed in Table 15-26 are ammono derivatives of the various thio- 


TABLE 15-26 

Nitbooen Derivatives or Tkiophosphobic Acid 
<5P/MH 1 (HS)»P=NH 

iroidotrit^ghosphoric 

i -H*S 


triACDide 

l^NHi 


SPssN 

thiophoipboryl 
nithde 


(HS),PfiiN 

ditbiophos(>honitnUc 

Actd 


phosphoric acids. Analogies to the 

Lids are immediately apparent, even though only a hm.ted number 
sulfur compounds is known. 

SUGGESTED SUPPLEMENTARY REFERENCES 

D. M. YoBt and H. Russell. Jr_; iTTnd NeC York 

Sixth^oup Nan-^ftUlUic EUments, Ch. 1-7, incl. rrcn 

N V Ifigwick: TA. PP- 654-803. 
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Periodic Group IVb 
The Carbon Family 


Except for germanium, all the elements in this family are compara¬ 
tively familiar, although their abundances in the crust of the earth 
(C 0.032%, Si 27.72%, Ge 7 X 10-'%, Sn 4 X 10“*%, Pb 1.6 X 
10“*%) indicate that all but silicon are comparatively uncommon. 
Inasmuch as carbon is found in more compounds than all the other 
elements combined, the situation with carbon might appear anomalous 
if one failed to remember that the quantities of carbon present in the 
plant and animal kingdoms are tremendous. Tin and lead are less 
abundant than many of the so-called rare elements; yet the facts that 
they are found in concentrated natural deposits, that they are easily 
obtained in the metallic state, and that they have widespread uses 
both as such and in alloys and compounds make them familiar. Sili¬ 
con, especially as the dioxide and its derivatives, is as important to 
the mineral world as carbon to the plant and animal worlds. 

In this family, the trends in changes from non-metallic to metallic 
behaviors which so strikingly characterized the nitrogen family are 
even more pronounced. Carbon is definitely a non-metal; silicon is 


usually considered non-metallic although it possesses some metallic 
properties; germanium is more metallic than non-metallic; and tin 
and lead are true metals. These trends are associated, of course, with 
the reduced numbers of electrons in the outer shells and the reduced 
nuclear charges and increased sizes of the atoms. The properties of 
carbon are unique and impart to that element a chemistry which has 
no parallel. Silicon differs somewhat from germanium, tin, and lead, 
but the differences are much less striking. In keeping with the proce¬ 
dure adopted in the preceding three chapters, the family is discussed 
as a whole first, and then some specific phases of carbon and silicon 

chemistries are treated in detail. Material on tin and lead is included 
where appropriate. 
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FAMILY RELATIONSHIPS AMONG THE ELEMENTS 

Numerical proi>erties characterizing the members of the carbon 
family are summarized in Table 16T. Increases in atomic weight and 

TABLE 16-1 

Numerical Properties op Carbon Family Elements 


Property 


Atomic number 

Outer electron configuration 

Maae numbers, stable isotopes 


CgrboD 

Silicoa 

Germanium 

Tin 

Lead 

6 

14 

32 

60 

82 

2«>2p> 


4,4p* 

5<*5p* 

ej'Op* 

12, 13 

28,29.30 

70.72.73.74.76 

112. 114, Its. 

204, 206 


1 


116. 117, 118. 

207, 208 


1 

1 


119. 120. 122. 





124 


12.010 

23.06 

72.60 

118.70 

207.21 

3.51* 

2.33 

5.36 

7,31t 

11.34 

2.22t 



5.751 


3 42* 

12.04 

13.55 ' 

16.23t 

18.27 

ea. 3570 

1414 

958.5 

231.8 

327.5 

3470 (8ubl.) 

2366 


2362 

1755 

CA. 170 

35 


78 

47.5 

0.77 

1.17 

1.22 

1.40 

1.46 

11.204 

8.140 

8.13 

7.32 

7.415 

2.6 

1.8 

1.7 

1.7 


2.60 

2.71 

2.72 

2.94 

1 





1.32 

0.16 

0.41 

0.63 

0.71 

0.84 


n R4 

ca» 0.3 




V . 


0.136 

0.126 


1 

1 




Atomic weight 

Density o( oolid at 20^C., grams/co 

Atomic volume of solid, co. 
Mdting point. 

Boiling point, ^C. 

Heat of sublimation, keal./gram 
atom 

Covalent radius, A 
Ionisation potential, av 
Electronegativity 
Crystal radii, A 
M-< 

M** 

Standard potential, Bjti, volts 
M + 2eiO ^ MOi + 4H^ + 4s- 
M ^M^ + 2s- 


• DUmond. t White tifl. tCfcphite. | Gray tin 

atomic number are again paralleled by increases in density, atomic 
volume, and atomic and ionic sires. The decreasing melting poinU 
apparent among the heaviest members of the nitrogen family (Table 
1^1) characterize the entire carbon family and are paralle ed by 
decreasing boiling points and heats of sublimation These factors 

rndicate that the strength of binding in the elemental solids deemi^s 
with increasing atomic weight or size, a characteristic which is not 
uncommon among the metals. Thrce-dimensiond covalent bonding 

is at a maximum with carbon and decreases f T'l" 

weight. Fusion or vaporization would require rupture of some or all 

of these bonds and would thus he most difficult with carbon. Th 
melting and boiling points of the elements of the carbon family are 
notably higher than those of either the boron (Table 17-1) or nitrogen 
(Table^ 15 1) families because of the tendencies of the elements in the 
last two families to form discrete molecules rather than giant molecules. 
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That the outermost electronic levels in the atoms of these elements 
are effectively half filled imparts certain unique properties. The 
stable inert gas atom configurations are still of importance in this 
family in governing the behavior of its members. However, gain of 
sufficient electrons to achieve such structures is energetically impossible 
for all the elements except possibly carbon. Even with carbon, only 
an extremely electropositive element could form a bond with any 
appreciable ionic character (p. 208). Although certain of the metal 
carbides are classified as salt-like or ionic (pp. G97-698), the bonding 
present is almost invariably predominantly covalent. Even covalent 
structures containing these elements in the formally —4 oxidation 
state essential to the inert gas arrangement are uncommon except for 
carbon, where the simple hydride (CH4) is perhaps the best-charac¬ 
terized example. Because of decreasing electronegativities, such an 
oxidation state would become increasingly difficult to attain as atomic 
weight increases in the family. Indeed, it is doubtful that the state 
really exists with lead or even tin. Supporting numerical data are 
lacking, but general observations show this to be true. The reluc¬ 
tance of these elements to assume negative oxidation states is merely 
a continuation of the general trend already noted in the Vllb, Vlb, 
and Vb families and is another evidence of increase in metallic char¬ 
acter as the outer electron population decreases. 

As regards positive oxidation states, the reduced electronegativities, 
particularly of the heaviest members of the family, indicate this possi¬ 
bility clearly. Bonds between the heavier elements and the more 
electronegative elements show considerable ionic character (p. 208). 
For carbon, however, the most ionic bond, the C—F bond, is only 44% 
ionic in terms of Pauling’s treatment (p. 206). Arrangement of the 
outermost electrons as ns^np* suggests the existence of both -h2 and 
+4 oxidation states, corresponding respectively to the involvement of 
the two p electrons and all the electrons. The positive two state 
occurs because of the presence of the inert pair (p. 177). This condi¬ 
tion is seldom found in carbon because of the tendency of the small 
atoms of that element to saturate themselves covalently, but it becomes 
increwingly important with increasing atomic size. Although uncom¬ 
mon m silicon and strongly reducing in character in germanium, the 
state is important in tin and common in lead. Dipositive tin and lead 
are both known as ionic species in polar solvents. The donor charac¬ 
teristics of the elements in this oxidation state are unimportant, but 
they do behave as acceptors. 

In the tetrapositive state, all these elements give predominantly 
covalent compounds and are necessarily more acidic than in any lower 
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oxidation state. As was true in the oxygen and nitrogen families, 
attainment of this state becomes increasingly difi&cult as atomic 
weight increases, probably because of the enhanced stability of the 
inert pair. This is reflected not only in the oxidation potentials for 
the M(0)-M(IV) couples listed in Table 161 but also in the potentials 
for the M(II)-M(IV) couples as given in Table 16-2. Because of 


TABLE 16-2 

Relations between the +2 and +4 Oxidation States 

volts 


Gc 


ca. 0.2 


Couple 

1. Acidic solutions 

M+» + 2HiO ^ MO, 4- 4H+ + 2c- 

M+* ^ M+* + 2e- . 

2. Alkaline solutions 

HMOr + 20H- ^ HMOr + H,0 + 2e- ca. 1 4 


Sn 


-0.15 

0.96 

(Sn(OH)«-*) 


Pb 


-1.456 


•0.250 


MO 4- 20H- MO, 4- H,0 4- 2e' . 

octet limitations, carbon has no acceptor properties in this oration 
state. However, the other elements do behave as weak acceptors, 

nftrtirularlv toward halide or oxy ions. 

"“Srenf structures in which atoms of these elemen^ are ond^d 
chlorine, bromine, oxyget,^or Z of any 

;:ri ;“xiLa::::uIer^ ^he n. O^l^mpractic^ 

of the covalency rules^ Tat foups 

appears to matter but J elements in this family are 

modifications of the free elements 

.olike the non metallic - 

this group do not apr«a P „tercd, but it is much less 

rS r ;oX:iTe— with the o.ygen and .tro.n 
family elements. 


•rr„’ rrixixixr..,. w 
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clearly that in the diamond each carbon atom is covalently bonded to 
four other carbon atoms arranged tetrahedrally (Fig. 16-1). The 
C—C bond distance is 1.54 A. The structure is thus that of an atomic 
crystal or giant molecule (p. 213). The extreme hardness of the 
diamond is the direct result of such a structure since rupture of the 
structure would require the breaking of many bonds, and the lack of 
electrical conductivity is the result of the complete pairing of all elec¬ 
trons. It is of interest, however, that a few diamonds (ca. 1%) have 



Diamond arrangement Graphite arrangement 

Fio. 16*1. Crystal arraagements ia diamond and graphite. 

no absorption band at 8 m and are transparent to ultraviolet light up 
to some 2250 A.* These diamonds have the same dielectric constant 
and lattice constants’ as ordinary diamonds, and the differences are 
not due to impurities. Raman’ has pointed out that, because of both 
sense and direction in the tetrahedral axis, carbon atoms in the dia¬ 
mond may be oriented in four ways in space and that four diamond 
structures must thus exist. Two of these are tetrahedral (Tdl and 
Tdll) and identical in characteristics (referred to as positive and 
negative). These structures are the common ones. The other two 
have full octahedral symmetry (OhI and Ohll) and are physically 
different from each other. They are comparatively rare, but, where 
they do occur, interpenetration of the two octahedral forms imparts 
laminar characteristics to the diamonds. The existence of all four 
types has been confirmed by x-ray and spectroscopic studies.’ The 
physical characteristics of the diamond have been explored very thor- 

’ R. Roberteon, J. J. Fox, and A. E. Martin: PhU. Trans., A33a, 463 (1934). 

•K. Lonsdale: Nature, 163, 22 (1944). 

* C. V. Raman: Proc. Indian Acad. Set., 19A, 189 (1944): Nature, 166, 69, 144, 
171, 234, 572 (1945). 

• R. S. Krishnan: Proc. Indian Acad. Set., 19A, 298 (1944). 








The Carbon Family 


Ch, 16 


666 


oughly because of the fundameDtal importance of the diamond struct 
ture.® Gem character is due to a combination of hardness, transpar¬ 
ency, and extremely high refractive index (2.417 for D-line of sodium). 

In the graphite crystal, the carbon atoms are arranged in sheets of 
regular hexagons (Fig. 16-1), the C—C bond distance being 1.42 A.’ 
The distance between these layers is sufficiently large (3.40 A) to 
preclude covalent bonds between them. The layers are thus held 
together by comparatively weak van der Waals forces (p, 215), and 
the overall structure is then that of a two-dimensional giant molecule 
within each layer. Each carbon atom shares its four electrons with 
three other carbon atoms, and resonance imparts about one-third 
double bond character to each carbon to carbon link.^ In a sense, 
each layer in the graphite crystal may be regarded as a combination of 
benzene rings, although in the isolated benzene nucleus the bond dis¬ 
tance (1.39 A) shows one-half double bond character in each linkage.^ 
The structure is really more quinone-like than aromatic. 

The properties of graphite are consistent wth this structure. That 
graphite has a lower density than diamond (Table 161) is due to the 
large distances between adjacent sheets. Because of the layer struc¬ 
ture, the physical characteristics of graphite are directional. Lack 
of strong bonding between the layers permits these layers to slide over 
each other and imparts greasy feel and lubricating character to 
graphite. These structural factors also permit the insertion of a 
variety of materials between the layers. Thus treatment of graphite 
with gaseous or molten potassium (or rubidium) causes separation of 
the layers due to the insertion of the metal atoms between them and 
yields two apparently stoichiometric materials, KC| (copper or bronM 
colored) and KCw (steel-blue colored)." * The pot^ium may 
removed by extraction with mercury. X-ray data mdicate the exis^ 
ence of layers of metal atoms between the layers of carbon hexagons, 
and in the KCg material potassium atoms are between all successive 
layers whereas in the KCie material they are between alternate pairs 

*^^TreI^ent of graphite with strong oxidizing agents such as nitric 
acid or potassium chlorate causes swelling and yields green-to-brown, 


. For deUiled information, consult papcm 

. K. Fredenhageo and H. Suck: Z anorf. 

10 A. Schlcede and M. Wellraann: Z. phyatk., Chcm., 18B, 1 (1 JdZ). 
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non-conducting oxygenated derivatives known variously as graphitic 
acid (Brodie, 1860) and graphitic oxide (Berthelot, 1869).“ In these 
materials, the carbon sheets remain unchanged, but the sheets are 
separated to distances of 6 to 11 A, the degree of separation increasing 
with increasing oxygen content. Oxygen atoms appear to be attached 
to both sides of the sheets, presumably as —C—C— groups, “ but 

Y 

they are present in C:0 ratios varying between 3.5:1 and 2.2:1.“ 
True formulas cannot be written, therefore. It is of interest that the 
heat of combustion of carbon (per gram) is the same for both graphite 
and graphitic oxide.** Water and alcohol molecules can be absorbed 
between the separated layers,'* and treatment with alkali causes com¬ 
plete separation and the formation of colloidal carbon. Complete 
oxidation of graphite gives mellitic acid, C«(COOH)fl, a benzene 
derivative. 

Treatment of graphite with oxidizing agents in the presence of 
strong acids gives so-called graphitic salts ,of which the sulfate, 
Cj 4 HS 0 i- 2 HsS 04 , is typical. Similar materials result in the presence 
of nitric, phosphoric, arsenic, selenic, and perchloric acids. These 
compounds are stable in the presence of concentrated acids but are 
decomposed by water to graphite, which retains some o)^en. For 
sulfuric acid, maximum separation of adjacent carbon layers is 4.55 A, 
For nitric and selenic acids, separations of 4.44 A and 4.85 A, respec¬ 
tively, are noted. Maximum expansion occurs when the acid mole¬ 
cules are between adjacent layers. If less acid is used or oxidation is 
incomplete, the acid molecules are inserted between sheets which are 
toher removed. Detailed structures have not been worked out for 
these materials. Treatment of certain natural graphites with nitric 
an sulfuric acids, followed by heating, causes enormous expansions 

along one axis due to penetration between layers,but not all 
samples behave in this fashion. 

GrapMte which has been degassed (or norite) absorbs fluorine at 
elevated temperatures'" to give a monofluoride, CF, which possesses 

iin E- Kdnig: Z. anorg. allgem. Chem., 234, 311 (1937). 

»T M ^ (1939). 

»«TT Faraday Soc., 34, 1056 (1938). 

>» TT* „ A* Freozel, and E. Osaldn: Ann., 610, 1 (1934). 

»• W pftj ROdorff: Trans. Faraday Soc., 34, 1017 (1938). 

uh't? 1 Chem., 238, 1 (1938). 

»• H ill*® ®‘ allgem. Chem., 207, 340 (1932). 

» O* Meyer: Z. physik. Chem., 29B, 59 (1935). 

and 0. Bretschneider: Z. anorg. allgem. Chem., 217, 1 (1934). 
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neither the luster nor the electrical conductivity of graphite. The 
interlayer distance of 8.17 A indicates that the fluorine has entered 
between the carbon layers. Bromine vapor is also absorbed (up to a 
composition CBro.??),®® the interplanar separation being 7.05 A. 
Iron(III) chloride can also be inserted up to a composition C 9 (FeCl») 
without alteration of the magnetic moment of iron.** 

The many forms** of so-called amorphous carbon (e.g., charcoal, 
lampblack, etc.) are all micro-crystalline in character and are made 
up of crystallites with the graphite structure"*- ” oriented in random 
fashion. In general, particle size increases as the temperature at 
which the material forms increases. The variety of physical prop¬ 
erties associated with such forms of carbon are largely determined 


by differences in surface area. 

The relations existing between diamond and graphite are of consid¬ 
erable interest.*® Inasmuch as the heat of combustion of grapMte 
( — 94 052 kcal. per gram atom) is less than that for diamond ( — 94.505 
kcal per gram atom) at 25"C.,« it is apparent that at ordinary tem¬ 
peratures graphite is the stable form (heat of transformation 0.453 
kcal. per gram atom). This also appears to be the case up to at least 
2300“C. at ordinary pressures.” At higher pressures, however, con¬ 
version of graphite to diamond seems to be more ^^^^ible. Calcula¬ 
tions by I^Tssiiii and Jessup*® show that whereas at ca. 13,000 atm. 
there is no temperature at which diamond 

graphite, at ca. 16,000 atm. equilibnum should result at 300 K., and 
at cl 20,000 atm. it should be established at 470 'K. Bndgman^ fou^ 
that at 2000°C. diamond was transformed to graphite at some 15,^ 
kg per sq. cm. pressure, but that this transformation became less rapid 

” :'ri” xs "p,«,d... ..od..... 

peratures and pressures." Inasmuch as diamond does not form 


.. W. ROdorff and H. Schnhi Z. 

:: pr:R"rd::a';.p;and ’ucaainl:.. A'a«. Rnr. .SWardd, 

’’'■u'p'l'G aither, P. Gaaclle, and W. Rabcnlisch: Z. a,.or„. a»,r-n. «rn.., »60. 

357 (1943). ff^u. Bur. Standard,. 91, 491 

*• F. D. Rossini and K. o. Jcssup. j 

‘Tp; W. Bridgmani J. Chcm. Phy,.. 16, 92 (1947). 
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conditions much more drastic than those theoretically calculated, 
it is possible that the controlling factor is the speed of conversion. 
The mechanism by means of which diamonds were formed in nature 
remains a mystery, although it seems obvious that excessively high 

pressures were essential. 

The synthetic production of diamonds has been singularly unsuc¬ 
cessful.”*”*' Hannay** heated mixtures of various oils and lithium 
to high temperatures in welded iron tubes and isolated crystals which 
have been shown by x-ray diffraction data** to be diamonds of the 
rare octahedral type (p. CfiS). Some question has been raised as to 
whether the crystals examined were so obtained.** Moissan** claimed 
to have obtained tiny diamonds by suddenly cooling molten iron con¬ 
taining dissolved carbon by quenching in cold water and then dissolv¬ 
ing away the iron in acid, but no really definite confirmatory evidence 
was presented. Ruff*® claimed success with Moissan's method, and 
offered experimental evidence supporting his statements. Parsons** 
has also claimed to have produced synthetic diamonds. The thermo¬ 
dynamic evidence cited renders all these claims questionable. Repeti¬ 
tion and extension of these studies would seem necessary to the ulti¬ 
mate solution of the problem.’® Under ordinarily available conditions, 
all forms of carbon normally revert to graphite. 

Silicon, germanium, tin, and lead 

Silicon is known in only one crystalline form, namely, the octahedral 
form in which the silicon atoms have the diamond arrangement. 
So-called amorphous silicon consists of minute octahedral crystals 
which are the same as the large crystals characterizing ordinary metal¬ 
lic silicon. Germanium also crystallizes in the diamond form as does 
gray tin. Tin exists in two other solid forms, the relations among its 
allotropes being indicated schematically as*®* *® 

.. 13.2*C. , . . 16l*C. .... 23l.8»C. .. . . 

gray tin white tin bnttle tin . —' liquid 

(diamond type) (tetrmtoiiAl) (rhombie) 

»* C. H. Desch: Nature, 158, 148 (1943). ' 

D. P. Mellor: J. CAem. Phyt., 16, 525 (1947). 

»»J. B. Hannay: Proc. Roy. Soc. (London), 30, 188, 460 (1880). 

*»F. A. Bannister and K. Lonsdale; Nature, 161, 334 (1943): Mineralog. .Mag 
86, 309 (1943). 

Lord Rayleigh: Nature, 168, 597 (1943). 

“ H. Moiasan: Compt. rend., 116, 218 (1893); Ann. ckim. [vii), 8, 466 (1896). 

*• 0. Ruff: Z. anorg. allgem. Chem., 99, 73 (1917). 

** C. A. Parsona: Phil. Trane., Aa80, 67 (1920). 

*• E. Cohen and A. K, W. A. van Lieshout: Z. phyeik. Chem., 173A, 32 (1935). 

” P. Saldau: Z. anorg. allgem. Chem., 194, 1 (1930). 
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Although transition of white tin to the gray, less dense form should 
occur at any temperature below 13.2®C. it becomes rapid only at 
— 50®C. unless a catalyst (e.g., gray tin, tin(IV)| is present. This con¬ 
version is known popularly as tin pest or tin disease. The lattice in 
white tin is metallic in nature. For lead, only the cubic metallic lat¬ 
tice is known. The trend from non-metal to metal wth increasing 
atomic weight is thus emphasized by changes in the physical structures 
of the solid elements. 

CHEMICAL CHARACTERISTICS OF THE ELEMENTS 

The most important aspects of the chemical behaviors of the ele¬ 
ments in this family are summarized in Table 16*3. The situation 


TABLE 16-3 


Chemical Charactkristics 
General Equation* 

M + 2X, — MX, 

M + 0»—* MOt 

M + 2S MS, 

M + 2H+-» M+* + H, 

3M + 4HNO, 3MO, + 4NO + 2H,0 

M + 20H- + H,0 -» MOr* -I- 2H, 


• M - Si, Ge, Sn, and Pb; and C only 


OF Group IVb Elements 

Remarks 

With halogens. Lead gives Pbl, and 
unstable PbBr,, PbCL. 

With C, Si, Ge, Sn. Lead gives PbO, 

PbiO,. 

Lead gives PbS. 

With Sn and Pb only. 

With C, Si, Ge, Sn, c.<ipoo(nlly Ge and 
Sn. Lead gives Pb**. 

With Si, Ge. Tin and lead give MO,"* 
slowly. 

•here specifically indicated. 


here is again quite comparable with the situations discussed in the 
preceding three chapters in that the lightest element shows anomalous 
behavior. Carbon (and to lesser extents silicon and germanium) 
reacts with a variety of metals to form carbides and in general shows 
more of the characteristii-s of the non-metals already doscnlied than 
of the more metallic members in its own family, ^he allotropy of 
carbon has but little influence upon its reactivity, although 
slightly easier to oxidise than graphite. Because of .norea.sed surface, 
the “amorphous” varieties arc somewhat more reactive. 

PREPARATION AND PRODUCTION OF THE FREE ELEMENTS 

Graohite occurs naturally in various places (e g., Ceylon, Bohemia, 
Siberia United States), but the major portion of that used techmea y 
is prepared clectrothermally by passing an electric current throi^ 

^ nnwdcred coke covered with sand and containing carbon rods 
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are prepared in a variety of fashions. Thus charcoal is obtained 
by the thermal decomposition of cane sugar or wood; the various 
carbon blacks are obtained by the incomplete combustion of natural 
gases; coke is obtained by heating coal; etc. So-called activated char¬ 
coal results when charcoal is prepared in the presence of air or steam 
or various inorganic compounds (which are dissolved out), the function 
of these foreign materials being to remove obstructions from the pores 
in the material. 

Elemental silicon is obtained technically by reduction of the dioxide 
with carbon or calcium carbide in the electric furnace. In the labora¬ 
tory, it is obtained most conveniently by reducing the dioxide with 
aluminum in the presence of sulfur in a thermite type reaction, but 
yields are low. Reduction of the tetrachloride with zinc vapor has 
been suggested also. Reduction of the dioxide with magnesium or of 
alkali metal fluosilicates with zinc or aluminum is also useful. Crystal¬ 
lization from zinc or aluminum gives a highly crystalline product. 
Germanium is obtained by reducing the dioxide with hydrogen or 
carbon at elevated temperatures. Tin is obtained technically by 
reducing the refined native dioxide with carbon, and lead is prepared 
from the native sulfide either by an ingenious process in which partial 
oxidation to oxide and sulfate is followed by reduction of these mate¬ 
rials at higher temperatures by the remaining sulfide or by roasting 
and reduction wth coke. Electrolytic methods are useful for purifica¬ 
tion of tin and lead. Further details may be found in standard text¬ 
books on elementary chemistry or metallurgy. 

COMPOUNDS OF THE GROUP IVb ELEMENTS 

It is manifestly impossible in a book of this type to consider 
completely or comprehensively all the compounds which carbon forms. 
Nor does it seem wise to attempt complete coverage of all the com¬ 
pounds of the other elements in the family. However, consideration 
of a number of classes of compounds serves not only to emphasize 
trends and differences among the elements but also to place carbon 
logically with the others as far as its inorganic chemistry is concerned. 
Some special phases of carbon and silicon chemistries can then be dis¬ 
cussed to complete the picture. 

Catenation among the Group IVb elements 

The phenomenon of self-linkage among the elements is most charac¬ 
teristic of carbon. This is probably the result of a number of factors, 
among them the 4-electron outer arrangement in the carbon atom, the 
almost invariable 4-covalent nature of carbon which is most readily 
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satisfied by other carbon and hydrogen atoms, the ease with which an 
inert gas arrangement can be obtained in this fashion, and the lack 
of donor or acceptor properties in the 4-covalent carbon. These 
factors, however, cannot account for the fact that the tendency toward 
catenation decreases so markedly from carbon to silicon and prac¬ 
tically disappears among the heavier members of the family. Bond 
energy data provide at least a partial answer to this problem. From 
the data in Table 16-4, it is apparent that the carbon to carbon single 


TABLE 16-4 


Bond Energy Data for Carbon and Siucon Bonds 

Bond Energy, kcal./mole 


Linkage 

M = C 

M = Si 

Difference 

M—M 

58.6 

42.5 

16.1 

M—H 

87.3 

75.1 

12 2 

M—F 

107.0 

143.0 

-36.0 

M—Cl 

66.5 

85.8 

-19.3 

M—Br 

54.0 

69.3 

-15.3 

M—I 

45.5 

51.1 

- 5 6 

M—0 

70.0 

89.3 

-19.3 

M—S 

54.5 

60.9 

- 6.4 


C—Si 

57.6 kcal./mole 



Ge—Gc 

42.5 



bond is much more stable than the silicon to silicon single bond, 
and it may be assumed logically that further decreases characterize 
the heavier elements. Comparison of values for these linkages with 
those for linkages of carbon or sUicon to other elements indicate 
further that the carbon to carbon bond is either more stable than or 
almost as stable as many such linkages wherein bonds between sd con 
and other elements are uniformly more stable than the silicon to sdicon 
bond This indicates that silicon will form bonds to other elements 
preferentially and that in the presence of other elements 
Licon bonds are readily broken. The reverse is commonly true 

'"FuTthermore. the carbon to hydrogen bond has a higher bond ener^ 
n rtfhpr sine-le carbon bond except the carbon to fluonne link. 

thTfamily, but the fact that no compounds of any of these clemen s 
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are known in which there are definite multiple bonds indicates the 
inherent instabilities of such linkages. 

I 

Hydrides 

Of the elements in this family, all except carbon are less electro¬ 
negative than hydrogen. Strictly speaking, therefore, reference to all 
the binary hydrogen compounds as hydrides is not entirely correct. 
Usage of the term, however, is nearly universal and is well established. 


TABLli 16-5 

Hydrides of the Group IVb Eleme.sts 


Typ« ftDd Property 

M-C 

Si 

Ge 

Sn 

Pb 

1. ME« 






MeUiD£ point. 

-182.7 

-185 

-165 

-160 

1 

Boilins point. 
Density of liquid. 

-161.3 

-111.9 

-88.1 

-62 

eg. -13 

gmm/mU 

DeeompoeiUon tem- 

0.416 (-164*0.} 

0.68 (-185*C.) 




pernturo. 

800 

460 

286 

160 

0 

2. MiHi 

1 

1 




Meltinf point, ^C. 

-173 

-132.5 1 

-109 



Boiiinc point, ^C. 
Density of liquid, 

-as.7 

-14,6 

29 



£ram/mU 

0.546 (-88*C.) 

0.686 (-2S*C.) 




3. MiHi 






Meltins point. 

-169.9 

-117.4 

-106.6 



&oiUn£ point, *C. 
Dentity of liquid, 

-44.5 

62.9 

110.6 



gram/tni. 

0.585 (-44*C.) 

0,743 (0*C.) 




4. MiHi# 






Melting point. 

-135 

-84.3 


1 


Boiling point, ^C. 
Density of liquid, 

-0.5 

107.4 


1 


gnm/ml. 

0.602 (-0.8"C.) 

0.826 (0*C.) 




5. MiHii 






Boiling point. 

36.2 

> 100 




6. M(Hu 






Boiling point, ^C. 

69.0 

> 100 





As alternatives, one might employ hydrosilicons, hydrogermaniums, 
etc., as analogs of hydrocarbons. Because of the impossibility of dis¬ 
cussing the hydrocarbons in detail, they are referred to only where 
comparisons with corresponding compounds of the other elements are 
instructive. 

Known binary hydrogen compounds are listed in Table 16*5, 
together with certain physical constants and comparative values for 
the analogous carbon compounds. It is apparent that all these com¬ 
pounds are covalent in character and that volatility and melting point 
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are quite generally functions of molecular weight. Where multiple 
hydrides are known, they are of the type MnHjn+i, i.e., formal analogs 
of the members of the methane series. These materials are known as 
silanes, germanes, stannanes, and plumbanes, with prefixes (di-, tri-, 
etc.) being employed to show the numbers of atoms of silicon, ger¬ 
manium, etc., present per molecule. Members of unsaturated series 
are unknown, although apparently polymeric but uncharacterized 
compounds of compositions (SiHj), and (GeHj)^ have been prepared. 
Numerous halogenated, oxygenated, and organic derivatives of these 
hydrides have been studied. Certain of them are considered below. 
It is of interest that substitution of alkyl or aryl groups for hydrogens 
gives general increases ip the stabilities of catenated compounds. 
Because of the marked strength of the sUicon to oxygen bond (Table 
16-4), the silicon hydrides react vigorously with oxygen, water, and 
alkalies. The germanium hydrides are somewhat less reactive. 
General methods of preparation have been described in Chapter 12 
(pp. 409^10), but specific details are considered below. 

Silicon Hydrides. The classic research on the silicon hydrides was 
carried out by Stock and his students,« and the major portion of 
present-day knowledge stems from their studies. Moni^ and disilane 
are colorless gases at ordinary temperatures; the higher homologs 
colorless liquids (Table 16-5). All the hydrides burn spontaneously 
in contact with air or oxygen, the kindling temperatures be^ ^3 
considerably below those for the correspondmg hydrocarbons and 

temperatures. j 100®C in the presence of the corre- 

hydropn chlon ® catalyst, effects successive replacement 

spending aluminum hahde u-- silanes yield chlorine-substi- 

of hydrogens by halogens, ihe 

tuted products by violent reactions are moderated 

by ttsro:'o7o;;i:rnd“^^^^ chloride catalysts at low 

..A, Stock: Z. ElMroch^m Si, University Press, I'hncn 

•lA. Stock: Hydrides of Boron and Stlicon, 

(1933). 
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temperatures. The silanes undergo thermal decomposition, the ease 
of decomposition increasing with increasing molecular weight. Mono- 
and disilane appear to be stable indefinitely at room temperatures, 
but the higher homologs decompose slowly. Studies on tetrasilane,** 
however, suggest that this instability may be due to impurities since 
decomposition (by an auto-catalytic reaction) occurred only wth 
impure samples. Although silicon and hydrogen are the ultimate 
decomposition products at red heat, the higher silanes undergo cracking 
reactions at lower temperatures to give other hydrides. 

In the classic procedure*®- *‘ for the preparation of the silanes 20% 
hydrochloric acid is added to magnesium silicide (prepared by heating 
magnesium and silicon together in the absence of air) in a current of 
hydrogen. Although hydrogen is apparently the major product, some 
25% of the silicon is converted to a mixture of hydrides which can 
then be separated by fractional distillation. The hydride mixture 
contains roughly 40% 30% SijH,, 15% SijH,, 10% SiiHio, 5% 

higher silanes. It appears that an intermediate, HjSi(MgOH),, is 
formed first,** and this then reacts with the acid as 


HiSi(MgOH), + 4HC1 2MgCU + 2H,0 + H, + SiH, 

the SiHj undergoing polymerization immediately. Reaction of these 
polymers with water then gives silanes as, for example, 

(SiH,)i + HjO SiHiO -j- SiH, 

(SiHj)) -b HjO—> SiHiO -f- SiiHe, etc. 


The material SiHjO undergoes polymerization as formed. The 
temperature and general conditions attending formation of the mag¬ 
nesium silicide influence both the yield and the relative proportions of 
the various silanes.** For a product obtained by use of 10% excess 
magnesium and ignition in hydrogen at 650®C. for 24 hours, 35% yields 
result.** It is believed that silicides other than the material MgjSi, 
which may result at elevated temperatures, are responsible for forma- 

silanes 

Si,H,) can be prepared in 70 to 80% yields by reaction of mag¬ 
nesium sihcide with ammonium bromide (an acid) in liquid ammonia 
m a current of hydrogen.**- ** Although monosilane is normally the 
major product, use of specially prepared magnesium silicides gives 


«i p’ and A. G. Mnddock: J. Chem. Soc., 1946, 1131. 

u m E. Konrad: Ber., 66, 3242 (1922). 

« W C I' ^ Soc„ 66. 1252 (1934). 

. C. Johnson and S. laenberg: J. Am. Chem. Soc.. 67. 1349 ( 1935 ). 
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mixtures containing up to 60% disilane.Compounds other than the 
substance Mg^Si are believed to be of importance in formation of any¬ 
thing but monosilane.Improved yields are doubtless due to absence 
of reaction between the silanes and ammonia. Almost complete con¬ 
version of silicon tetrachloride and hexachlorodisilane to monosilane 
(99%) and disilane (87%), respectively, can be effected by treatment 
with lithium aluminum hydride in diethyl ether at 0®C.^* Uncharac¬ 
terized mixtures of silanes are formed when magnesium sllicide is 
added to molten ethylenediamine hydrochloride or trimethylamine 
hydrochloride or ia heated with dry ammonium bromide.^’ 

DERIVATIVES OF THE SILANES. Among the silicon compounds which 
may be considered derivatives of the silanes are the halosilanes (e.g., 
SiHCU, SiH 2 Cl 2 ), the alkyl and aryl silanes (e.g., RjSiH, IliSi), the 
alkyl and aryl halosilanes (e.g., RjSiClj, RjSiCl), a variety of oxygen 
and nitrogen derivatives (e.g., (RiSi)iO, (SiH^sN, etc.), and certain 
metal silicides. Some of these materials are discussed in later sections 
of this chapter. Alkyl and aryl chlorosilanes result from reactions of 
appropriate Grignard reagents with silicon tetrachloride but are more 
conveniently prepared by direct reaction at elevated temperatures of 
alkyl or aryl chlorides with silicon in the presence of copper or silver 

as catalyst.''®"®® 

NON-VOLATILE SILICON HYDRIDES. A hydride (SiHi), IS formed when 
calcium monosilicide (CaSi) is treated with either absolute ethanol 
saturated with hydrogen chloride or with glacial acetic acid," It is a 
brown amorphous solid which is spontaneously inflammab^ in air and 
reacts with aqueous acids to give silica and hydrogen. Cracking at 
80“C. gives a mixture of sUanes. Monosilane is decomposed in an 
electric discharge to a solid material of composition SiH..i-c., and 
a similar material is formed when monosilane is irradiated with mer¬ 
cury resonance radiation."" No structural data arc available for any 
of these materials. They are all non-volatile, insoluble in inert sol- 

vents and decomposed by alkali solutions. /Tnhlo 

Hudrides of Germanium, Tin, and Lead. The three germanes (Table 

16-5) are quite similar to the corresponding silanes. Mi arc oxid^d 

by oxygenate the dioxide and water, ease of oxidation increasing » 

.. A E Finhnlt, C. A, Bond, Jr.. K. E. WiUbach, nod H. .. Brhlcingcr: J. A.. 

(■hem. Sac.. 69, 2602 (I047t 

e, losttiots, 

:: S'Period k" ^ 
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molecular weight, but they are not-as inflammable as the silanes. 
Unlike the silanes, they do not react with water, and monogermane is 
resistant to even 33% alkali. Digermane evolves hydrogen under 
comparable conditions. At elevated temperatures, the germanes 
decompose to germanium and hydrogen, although cracking reactions 
may occur at intermediate temperatures. Treatment of magnesium 
germanide with dilute hydrochloric acid yields a mixture of the 
germanes (mostly monogermane), the overall conversion of germanium 
being only some 22.7%.” The individual compounds are separated 
by fractional distillation as is done with the silanes. Monogermane 
is obtained in greater yield by reaction of magnesum germanide with 
ammonium bromide in liquid ammonia^* or by reaction of lithium 
aluminum hydride with germanium tetrachloride.” A variety of halo 
and organo derivatives of monogermane have been prepared. These 
are quite generally comparable with the analogous silicon compounds 
in properties and modes of preparation. 

A non-volatile hydride, (GeHt)*,, is formed as a yellow solid when 
calcium germanide is treated with aqueous hydrogen chloride.” It 
reacts with oxygen (explosively when dry) and is converted to ger¬ 
manium tetrabromide and hydrogen bromide by bromine. With 
aqueous alkali, it gives monogermane, hydrogen, and germanite ion. 
Thermal decomposition at 120® to 220®C. gives hydrogen mixed with 
the three germanes.** 

For tin and lead, only the simple hydrides, MH^, are known. 
Monostannane, SnH4, is resistant to attack by 15% sodium hydroxide, 
dilute sulfuric acid, dilute or concentrated nitric acid, copper(II) ion, 
and iron(lll) ion. It reacts, however, wth silver nitrate and mer- 
cury(II) chloride solutions. Above 145® to 150®C., it undergoes rapid 
thermal decomposition, but at lower temperatures decomposition is 
slow. The lead compound has not been well characterized. Mono¬ 


stannane results in very small quantities when a tin-magnesium alloy 
is dissolved in dilute acids or when tin(II) sulfate solution containing 
dextrine or glucose and sulfuric acid is reduced cathodi'cally.*’-** 
The compound results in much better yields (20.4%) from the reaction 
of tin(IV) chloride with lithium aluminum hydride in diethyl ether at 

nawx R, W. Moore; J. Am. Chem. Soc., 46, 657 

I* C. A. Kraus and E. S. Carney: J, Am. Cfum. Soc., 66, 765 (1934). 

‘P. Royen and R. Schwari: Z. anorg. allgem. Chem., 911, 412 (1933). 

!! S’ Scliwars: Z. anorg. allgem. Chem., 316, 295 (1933). 

F, Paneth and K. Forth: Ber., 62, 2020 (1919). 

“F. Paneth, A. Johannsen, and M. Matthies: Ber., 66, 769 (1922). 

* F. Paneth and E. Rabinowitsch: Ber., 67, 1877 (1924). 
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--30°C/* Lead hydride appartntly results in minute quantities as a 
gaseous product upon dissolution of a lead-magnesium alloy in dilute 
acids or cathodic reduction of lead salts.*® Atomic hydrogen reacts 
with lead to give a volatile compound only if carbon is present.** 
Tin and lead tetralkyls and tetraryls are well-known and comparatively 
stable compounds. Alkyl and aryl lead hydrides and halides are also 
well characterized. Although tin to tin and lead to lead linkages are 
unknown in the hydrides, they do exist in alkyl and aryl compounds. 
Best known are the distannanes (RsSn-SnRj) and diplumbanes 
(RjPb-PbRj), although polystannanes up to a composition of 
Sns(CH 3 )i 2 have been prepared. Free SnRs and PbRa radicals result 
from dissociation of the hexa-substituted distannanes and diplumbanes. 


Halides 


Both simple and substituted halides and oxyhalides of these elements 
are known. The simple halides are most commonly of the types MX 2 
and MX 4 , but with carbon and silicon catenated halides also are 
formed. The tetrahalides are most characteristic and form with all 
the elements. The dihalides are not noted with carbon and silicon. 
As is expected, the tetrahalides are predominantly covalent, whereas 
the dihalides are more ionic in character. Mixed tetrahalides (e.g., 
SiCLBr, SiFCIa, etc.) have been described (especially for silicon) as 
well, and many comparable halogenoid derivatives are known (pp. 


475-480). . . . / 

Tetrahalides. Available melting and boiling point data for the 

simple tetrahalides as summarized in Table 10-6 indicate ionic hond.ng 
only in tin tetrafluoridc. It may be presumed that lead(IV) fluonde 
would be ionic also. It is rather remarkable that s. .con tetrachlonde 
is more volatile than carbon tetrachloride, especially since this cITcct 
does not appear in any other series of halides or substituted halides^ 
Hildebrand ascribes this phenomenon to the comparatively a g 
increase in molecular volume in going from the carbon compound to 
the silicon compound.” The melting points of carbon tetrachloride, 
tetrabromide, and tetraiodide arc anomalously high. 

The thermal instabilities of carbon tetrabromide and 
due to the crowding of the large halogen atoms around the small 
Irbon atom. The absence of a tetrabromide and a tetraiodide of lead 
is due to the enhanced reducing powers of bromide and iodide and the 


» J. HW-rand: ./. TAcm. Phys.. 16. 727 
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resulting ease of their conversion to free halogens by lead(IV). Even 
lead tetrachloride reverts to the dichloride and chlorine unless main¬ 
tained at low temperatures. All the tetrahalides are tetrahedral. 
The bond distances (Table 16-6)**"®^ are less than those calculated 
by radius sums in most cases. 


TABLE 16 6 

Physical Constants op Group IVb Tetrahalides 


Coinpoun<l Type tod Property 

c 

1 

Si 

1 

Ge 

Sd 

Pb 

!• Tetnkfluoridcfl 






Meiting point, 

^ 185 

-90.2 

-15 



BolHog point* ^C. 

*-128 

-95 7 (eubl.) 

-37 4 <eubl.) 

706 (iubl.) 


2. Tetrichlorides 






Melting point, 

-22.9 

-70 4 

-49 5 

-36.2 

-16 

Boiling point. ^C. 

76.4 

67 0 

86.5 

114 I 

ea. 160 

MoleeuUr volume at 25^C., 






ml.* 

97.1 

115.4 

114.6 

117.6 


M^Cl diatanee, A 

! ^6 

2.00 

2.08 

2 30 

2.43 

3. Tetrabromidea 






Melting point. 

93.7 

5.2 

26.1 

33 0 


Boiling point, 

dec. 

154.6 

186.5 

203.3 


Molecular volume at 25^.. 





1 

1 

ml.* 


126 5 

126 0 

130.6 

• * 1 • « 

M*~Br dbtanee, A 

1.94 

2 14 

2.29 

2.44 


4. Tetraiodidee 






Melting point. *C. 

171.0 

123 8 

144 

144.6 


Boiling point. 

dec. 

290 

ca. 34$ 

346 


M*—I <iietance. A 

2.15 

2 43 

2.50 

2.64 



* Reference 62. 


Except for the carbon compounds, the tetrahalides hydrolyze, 
largely as indicated by the general equation 


MX 4 -f- 2HjO—♦ MOj (or hydrate thereof) + 4HX 


llesistance of the carbon tetrahalides to hydrolysis is probably due to 
the fact that they are covalently saturated. In the other instances, 
acceptance of water molecules by coordination may occur, and the 
resulting structures may then undergo decomposition to give the 
dioxides and hydrogen halides. The silicon compounds undergo 

as the ionic characters of the tetrahalides 
increase with the other elements, hydrolysis is less complete and may 
be suppressed by addition of acids. Thus aqueous hydrochloric acid 
solutions of tin tetrachloride can be prepared, and hydrolysis of tin 


•*L. 0. Brockway and F. T. Wall: J. Am. Ckem. Soc., 66, 2373 (1934). 

L. 0. Brockway: Revs. Mod. Phys., 8, 231 (1936). 

** M. W. Lister and L. E. Sutton: Trans. Faraday Soc., 37, 393 (1941). 


















680 


The Carbon Family 


Ch. 16 


tetrafluoride is even less pronounced. Hydrolysis of silicon tetra- 
fluoride is complicated by the fact that this compound reacts with its 
hydrolysis product hydrogen fluoride to give soluble and stable fluo- 
silicic acid. Hydrolysis thus proceeds approximately as 

2SiF4(g) + 2H:0 SiO.fs) + 2H+ + SiFe-“ + 2HF(g) 


silica precipitating from the solution. 

Except for the carbon compounds, the tetrahalides show tendencies 
to form haloanions of the general type [MXsl"*. Reaction of carbon 
halides with halide ions is precluded by the octet limitation. For 
the other materials, stabilities.pf haloanions decrease as the size of the 
halide ion increases, presumably because of steric factors, but as the 
size of the central atom increases the larger halides can be accom¬ 
modated more readily. For silicon only the (SiF#]”* species is known, 
but for tin and lead (SnCU]-^, [SnBre]-*, [Snld"*, and [PbCl,l-* species 
have been described. Of these, the flii 9 silicates and fluogermanates 


are most common. 

Fluosilicic acid, the parent of the fluosilicates, is a strong acid as 
indicated by an apparent degree of dissociation of 0.76 at 25®C. in 
0.1 N solution {H 2 S 04 : 0.61 under same conditions) and the slight 
hydrolysis of many of its salts in cold aqueous solutions.” The pro¬ 
duction of solutions approximately HiSiFs-SiF* has been desenbed." 
Although the anhydrous acid cannot be isolated and is not formed 
when anhydrous silicon tetrafluoride and hydrogen fluoride are mixed, 
a 4-hydrate can be prepared below O^C. and a 2-hydrate above 0 C. 
Addition of sulfuric acid causes decomposition to silicon and hydrogen 
fluorides. Of the many known fluosilicates, the majonty are extreme \ 
soluble in water, notable exceptions being those of the alkali metals 
CNa K Rb, Cs), barium, yttrium, and the lanthanides. This piop- 
erty ha^ rendered many heavy metal fluosilicates especia ly useful in 
r/electrodeposition of metals (e g., lead). Fluosd.ca cs are Iso 
^ Tbp fluos licate ion is octahedral,' nut 

sll^htly'disto'i^d. Many of the reactions of sUicon tetrafluoride and 

"'^rXfl “ o,:^.^^ari.y by treating a mi.ure of a 
fluorirand silica with sulfuric acid or hcatiug banum fluo.s.l.cat. 
Germanium tetrafluoride is formed when banum fluogermai.ate . 

i. P Kubelks and V. Pfistoupil: Z. unorg. allgtm. Chem., >97, 391 (1931). 

:: I M xtom^n: 7. .tm. Soc., 72, 2793 (.9,«,). 

MJ A. A. Ketclftar: Z. Knsl., 92, 155 <1935). 

» i; L. Hoard and W. B. Vincent: J. Am. Chem. Sac., 62. 3120 (19 . 

R. Cflillot: /inn. rAiwi. [Hlr 20, 367 (1945). 
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heated. Reaction of tin tetrachloride with hydrogen fluoride gives 
tin tetrafluoride. Direct reactions between the clcmetits are useful 

for preparations of the other tetrahalides. 

Dihalides. Complete series of dihalides are known for germuiuum, 
tin, and lead. Comparison of physical constants of these compounds 
(Table 16-7) with those of the tetrahalides (Table IG-G) indicates 


TABLE 16-7 

Physical Constants or Group IVb Dihalides 


Compound Type and Property 

Ge 

Sn 

Pb 

Dtfluoridcs 



O 1 o 

Melting point, "C. 



8lo 

Boiling point, "C. 



iZoQ 

Dichlorides 




Melting point, °C. 


247 

298 

Boiling point, "C. 

subl. 

603 

954 

M—Cl distance, A 


2.42 


Dibromides 




Melting point, ^C. 

122 

215 

373 

Boiling point, ®C. 


619 

916 

M—Br distance, A ^ 


2.55 


Diiodides 




Melting point, ®C. 


320 

412 

Boiling point, *C. 


720 


M—I distance, A 

2.94 

2.73 



clearly enhanced ionic bonding in these materials. Reducing power 
decreases, and ease of preservation increases from germanium to lead 
for each series. The germanium dihalides combine with halide ion to 
give anionic species (e.g., [GeCUl”), but this tendency decreases 
through tin to lead. WAter solubilities decrease with increasing size 
of either the metallic ion or the halide ion. The germanium halides 
may have bridged structures as 

XXX 

/ \ / N / 

Ge Gc Ge • etc. 

/ / / 

XXX 


but this is unlikely for the tin compounds, in view of observations that 
the chloride is monomeric in both the vapor state’^ and in solution in 
urethane.’* Electron diffraction data show the molecules SnClj, 
SnBr*, and Snl* to be angular.’* Germanium dihalides arc commonly 
obtained by heating the tetrahalides with germanium. The others 

H. BUU and V. Meyer: Z. physik. Chetn., 2, 184 (1888). 

J. F. Eykman: Z. physik. Chem., 4, 497 (1889). 

M. W. Lister and L. E. Svitton: Trans. Faraday Soc., 87, 406 (1941). 
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result from metathesis reactions involving hydrogen or alkali metal 
halides. 

Additional Silicon-Halogen Compounds. A variety of mixed tetra- 
halides, catenated halides, and oxyhalides of silicon have been char¬ 
acterized as well as a number of halomonosilanes. Many of these 
compounds have been described by Schumb.’* Physical constants of 
certain of these compounds are summarized in Table 16-8. 

The mixed tetrahalides have properties intermediate between those 
of the pure tetrahalides. These compounds have been obtained by a 
variety of reactions, among them reaction of a free halogen with 
another halosilane,^®- duorination of the tetrachloride with antimony 
trifluoride (p. 428),'^ and interaction of two tetrahalides,’* followed by 
fractional distillation to separate the products. The completely 
mixed halide, SiFClBrl, although not reported, would be of especial 
interest because it should exhibit optical isomerism. Mixed tetra¬ 
halides become less common as the atomic weight of the central element 

increases. 

Only a limited number of catenated halo silanes is known, since the 
silicon to halogen bond energies (Table 16-4) are such that in the 
presence of halogens the silicon to silicon bond is readily ruptured. 
These compounds are members of the series Si„Xi„+j. Chlorine com¬ 
pounds up to Si«Clu are known, but only SijX# compounds have been 
described for the other halogens. All these materials are covalent. 
In contact with water, they all hydrolyze. An important hydrolysis 
product of the materials SijXs is silico-oxalic acid, H^ShO^ The 
higher chlorides burn when heated in air. The fluoride SuFe. is 
obtained by fluorinating the corresponding chloride with zinc fluoride. 
The higher chlorides and the tetrachloride are obtained as mixtures 
when a calcium-silicon alloy is chlorinated at 150«C Fract.onal d.s- 
tillation permits successive separation of the chlorides. The bromide, 
Si,Br., is formed when the corresponding iodide is treated with hi om.iie 
or when a calcium-silicon alloy is treated with hromine at 180 to 

^‘W. C. Schumb: Chem. Rets., 31, 587 (1942). 

n W. C. Schumb and H. H. Anderson: J. Am. Chem. Soc.. 68. 994 (19301. 

Schumb and E, L. Gamble: J. .tm^ Ce.. bV iMi32,. 

:: S; "a: y. .t,„. eve,, .see 67. ,11.4.6,: 

7. w. C. Selmmb amt E. L. Gamble: J. MeGra.- 

•» W. C. Schumb ami E. b. G.imble: /eoeyame Sy^thcca, tol. I, p. 4 , 

Hill Book Co., New York (1939). 
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TABLE 16-8 


Phtsical Constants or Various Silicon-Haujobn Compounds 


Compound 

MeHiog Poiot, 

Boiling Point. ^C. 

i. Mixed Hxlldee 

SiFiCI 

-138 

- 70 

SiFiCli 

-144 

- 31 7 

SiFCli 


12.2 

SiFiBr 

- 70 5 

- 41 7 

SiFtBrt 

- 66.9 

13 7 

etFBr* 

- 82.6 

83 8 

8iF>I 


- 24 

SiFiIi 


84.6 

BiFU 


188 

SiCliBr 

- 62 

60 3 

BiCItBn 

- 45 5 

104.4 

SiClBn 

- 20 8 

128 

SiFCUBf 


35.4 

SiFCIBrt 


69 6 

3i Ceieoxted Halides 

SiiFi 

- 19.0 

- IB.l 

SltCli 

2.5 

147 

BiiCU 


218 

8i4ClM 


160 (15 mm.) 

SilClii 


190 (16 mm.) 

Si«Ctu 


Bubl. 200 (vfte.) 

SitBr« 

95 

265 

SiiU 

250 (dec.) 


S. Oxybelidee 

BitOF* 

- 47.8 

- 23 3 

BiiOFiQt 

- 80.0 

16.8 

SitOFiCli 

-100.0 

42.9 

SiiOCl* 


137 

BiiOtCli 


76 (15 mm.) 

BiiOiClu 


109-110 (15 mro.) 

BUOtClti 


130-131 (15 mm.) 

SiiOtOii 


139-14) (16 tom.) 

BitOiCIu 


145-147 (16 mm.) 

BitOBr* 


lid (16 mm.) 

BiiOiBrt 


159 (12 mm.) 

Bi40*Bri< 


122 (<0.6 mm 

8i«0«Bri« 


160 (< 0.6 mm 

(Sioao« 


91 (16 mm.) 

(SiOBrOt 


165 ( 7 mtm) 

4. RaloMonosUaDee 

SiBFi 

-131.2 

- 97 S 

BIHiFi 

8IH»F 

BiBClt 

-128.2 

SIS 

SiBiQi 

-122 

8.S 

BiBta 

-118.1 

- 80.4 

SiBBri 

- 73.6 

111.8 

BiEtBrt 

- 70.) 

04 

BiBaBr 

- 94 

1.9 

SHIi 

ca. 8 

M. 185 

SiHFta 

-144 

- 50 

BiHFai 

-149a 

- 18.4 
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200 C.*‘ The iodide, SisI^, is obtained by heating the tetraiodide 
with silver at 280®C.*^ 

Oxyhalides of the type (X = Cl, Br) are the most 

common. In the chloride series, compounds up to n = 7 have been 
prepared,** whereas in the bromide series materials up to n = 6 have 
been characterized.®* All the chlorine compounds are colorless oils 
which hydrolyze in the presence of moisture and are converted by 
absolute ethanol into ethyl esters. They are miscible with carbon 
tetrachloride, silicon tetrachloride, chloroform, or carbon disulfide. 
Members of these series are obtained when silica is heated with a mix¬ 
ture of oxygen and halogen, when a silicon tetrahalide is oxidized, or 
when silicon tetrachloride is partially hydrolyzed wth moist ether.*® 
They are separated by fractional distillation. The tetramers, (SiOBr 2)4 
and (SiOClz)*, which are not members of these series, result in the first 
two reactions but not in the third one. They have the same types of 
properties but presumably possess cyclic structures, whereas the other 
materials have chain structures like 


X X 

\ / 

Si—0 X 

/ \ / 

X 0 Si 

\ 1 i \ 

Si ox 

/ \ / 

X 0—Si 

/ \ 

X X 

(Si0X>)4 



8l«0*-iXi*4i 


Terminal groups in the chain structures are then —SiX|. Because of 
the presence of Si—0—Si arrangements, these materials are called 
halosiloxanes. Fluorination of chlorodisiioxane (SiaOCU) with anti¬ 
mony trifluoride in the presence of antimony pentachloride®* gave the 
various fluorine-containing siloxanes, SiiOFiCb, S 15 OF 4 CI 1 , and 
SijOFe, as well as silicon tetrafluoride. All these compounds hydrolyze 
to silica and hydrogen halides and are comparable in general character- 
i.stics to the simple chlorine and bromine compounds. Monomeric 
<1 W. C. Schumb: Ir^organic Synthces. Vol. II. p. 98. McGraw-Hill Book Co.. 


New York (1046). 

M C. Frieclcl and A. Ladenburg: Ann., 203, 241 (1880)_ 

*• W. C. Schumb and D. F. Hallouay: J. Am. Chrm. S(^ 63. 27^ 0^4 ). 

•4 W C Schumb and C. H. Klein: J. Am. Ckcm. Soc., 63. 261 

«» \V. C. Schumb and A. J. Stevena: J. Am. Chem. Soc., 72, 31/8 (1950). 

•* H. S. Booth nii«l R. A. Oston: J. Am. Cfum. Soc.. 67, 1002 (1945). 



Oxygen Compounds 

analogs of the carbonyl halides (COX,) are unknown with silicon. 

Oxvhalides of tin and lead are poorly characterized. 

The halomonosilanes are covalent compounds, the prot^rties of 
which (Table 16*8) are intermediate between those of monosil^ane and 
the corresponding tetrahalides. As a group, they resemble the tetra- 
halides in general properties, but they are somewhat less stable 
thermally. General methods of preparation have been outlined pre¬ 
viously (p 676). Compounds of the type SiHX, (analogs of chlor(> 
form, etc.) are of particular interest. The chlorine compound is 
obtained in 75 to 80% yields by reaction of hydrogen chloride with 
sUica at 380‘’C.. followed by distillation.” A comparable reaction 
involving hydrogen bromide at 360“ to 400“C. gives tnbromosilane 
(silicobromoform).®® Fluorination of trichlorosilane gives a mixture 
of the fluorine derivatives, SiHF„ SiHF,Cl, and SiHFCU, which mix¬ 
ture can be fractionally distUled to effect separations.” Germanium 
forms comparable compounds. 


Oxygen compounds 

The Group IVb elements form monoxides (MO) derived from the 
dipositive elements, and dioxides (MOj) derived from the tetrapositive 
elements. Like the lower halides, the lower oxides are most stable 
and characteristic wdth the heavier elements. With these elements 
they are but slightly amphoteric and predominantly basic. The 
dioxides are predominantly acidic with all the elements, acid properties 
again decreasing with increasing atomic weight of the Group IVb ele¬ 
ment. Carbon forms a suboxide, CjOj, and some other minor oxides 
(e.g., CbOi) containing carbon to carbon bonds and possessing linear 
structures (pp. 694-695)*.” Lead gives oxides of compositions PbjOj 
and PbtO*, which are really salt-like (p. 635) and more nearly correctly 
designated as plumbous plurhbates, Pb'‘Pb ‘''03 and Pbi'‘Pb‘'’ 04 . 

Monoxides. Carbon and silicon monoxides are sufficiently different 
from the monowdes of the other elements to merit special treatment. 

CARBON MONOXIDE. The physical characteristics of carbon mon¬ 
oxide have been compared with those of the isosteric nitrogen in 
Chapter 6 (Table 6T4), and some comparisons between the CO, 
NO'*', and CN“ groups have been discussed in Chapter 15 (p. 599). 

” H. S. Booth and W. D. StUlwell: J. Am. Chem. Soc., 66, 1529 (1934). 

•• W. C. Schumband R. C. Young: Am. Chem. Soe., 63, 1464 (1930). See also 
W. C. Schurob: Inorganic Syntheses, Vol. I, p. 38. McGraw-Hill Book Oo., New 
York (1939). 

•• H. S. Booth and W. D. Stillwell: J. Am. Chem. Soc., 68, 1531 (1934). 

*®L. Pauling: The Nature of the Chemical Bond, 2nd Ed., Ch. VI. Cornell 
University Press, Ithaca (1940). 
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A triple bond in the carbon monoxide molecule was first suggested by 
Langrauir^i as being more compatible with the properties of the sub¬ 
stance than a double bond. It is more probable, however, that the 
actual structure is a resonance hybrid involving the three structures®®- 


« 




: C: :0 : 




I II III 

All three structures make about equal contributions, structures I and 
II because of stabilization of structure I by the high electronegativity 
of oxygen and structure III because of the counteracting effects of the 
triple bond on the unfavorable charge distribution. Although these 
structures are markedly different, they are rendered about equally 
important because of the opposing effects of number of covalent bonds 
and charge separation. The presence of structure III is indicated by 
the small dipole moment (= 0.1 D) observed for carbon monoxide,®® 
since a structure to balance the dipole effect of structure I is essential. 
The bond distance of 1.13 A,*® when compared with values of 1.51 A, 
1.22 A, and 1.10 A for structures I, II, and III, respectively, indicates 
only that the triple bond arrangement is not incompatible. 

Carbon mono.xide is combustible and is often a component of fuel 
gases (e.g., producer gas, water gas). Its reducing power toward 
metal oxides at elevated temperatures makes it useful in metallurgy. 
At elevated temperatures and in the presence of a suitable catalyst 
(e.g., Pd, Fe, Ni) it disproportionates to carbon and carbon dioxide, 

2CO^C + COi 


but as temperature increases the equilibrium percentage of the dioxide 
decreases. Although a formal anhydride of formic acid, carbon mon¬ 
oxide is insoluble in and unreactive with* water. When heated uith 
alkali, it is converted to formate. In the presence of suitable catalysts, 
carbon monoxide can be hydrogenated to methanol and a variety of 
other organic compounds. Reaction of carbon monoxide with halo¬ 
gens, sulfur, etc., gives carbonyl compounds of the type COXi (pp. 
689-690). Perhaps the most interesting reactions of carbon monoxide, 
however, are those with certain metals and metal compounds to give 


I. Langmuir: J. Am. Chem. Soc., 41, 1543 (1919). 

•* L. Pauling: The Nature of the Chemical Bond, 2nd Ed., pp. 136-136. 


Cornell 


University Press. Ithaca (1940). 

»* H. E. Watson, G. G. lUo, and K. L. Ramaswamy: Proc. Hoy. 


Soc. (Lafidon), 


A143, 558 (1934). 

L. Gero, G. Herrberg, and R. Schmid: Phy$. 


Rev., 62, 467 (1937). 
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the metal carbonyls and their derivatives. These will be discussed 
later (pp. 700-717). The poisonous character of carbon monoxide is 
associated with the strength of the bond which it forms with iron in 
the hemoglobin. 

Carbon monoxide is formed when carbon or combustible carbon 
compounds are burned in limited quantities of air. It is a product of 
the reduction of the dioxide by carbon {see above equilibrium). On 
a large scale, it is obtained (mixed with hydrogen) by reduction of 
water vapor with hot coke (p. 403). In the laboratory, it is prepared 
by the dehydration of formic or oxalic acids with concentrated sulfuric 
acid, by reaction of formic acid with chlorosulfonic acid, by reduction 
of the dioxide with zinc or iron at elevated temperatures, by reaction 
of ferrocyanide with sulfuric acid, or by thermal decomposition of 
nickel carbonyl. The last reaction gives a pure product.** 

SILICON MONOXIDE. Some confusion exists as to the nature and 
identity of this material. Products of this stoichiometry are obtained 
as brown amorphous powders (sold as a pigment under the name 
"Monox”) by heating silica with carbon*® or as brown powders*’ or 
glassy black solids**- *• by heating silica or silicates with silicon or 
silicides and condensing the vapors slowly or rapidly, respectively. 
X-ray diffraction studies show the brown products produced by either 
carbon reduction*** or slow cooling of the gaseous material**- ** to be 
finely divided mixtures of silicon and silica. The black glassy prod¬ 
ucts give no diffraction patterns and are apparently amorphous, 
polymeric samples of the true monoxide.**- ** Existence of the com¬ 
pound in the solid state is thus dependent upon the conditions under 
which the vapor is condensed. The presence of the monoxide in the 
vapor is indicated clearly by absorption spectra studies. 

Solid silicon monoxide is friable and resinous in character. It has a 
specific gravity of 2.18 to 2.2^®*-*" is as hard as silicon, is a non-con¬ 
ductor (the brown material conducts), and does not fluoresce in ultra¬ 
violet light. On being heated, it reverts to silicon and silica. It forms 
no salts with acid but is soluble in hydrofluoric acid. The molar heat 
of formation of the gas is estimated to be -32 kcal. at 1600®K. and 

•* G. Meyer, R. A. Henkes, and A. Slooff: Rec. Irav. chim., M, 797 (1935). 

** H. N. Potter: Trans. Am. EUctrochem. Soc., IS, 191 (1907). 

*’ E. Zintl, W. Brauning, H. L. Grube, W. Krings, and ^Y. Morawiets: Z, anorg 
allgem. Chem., 345, 1 (1940). 

** H. deW. Erasmus and J. A. Persson: J. Blectrochem. Soc., 96, 316 (1949). 

*• G. Grube and H. Speidel: Z. Elektrochem., 68 , 339 (1949). 

“*H. N. Baumann: Trans. Blectrochem. Soc., 80, 95 (1941). 

K. F. Bonhoeffer: Z. physik. Chem., 131, 363 (1928). 

*** H. voa Wartenberg: Z. Elektrochem., 63, 343 (1949). 
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—29 kcal. at room temperatures;*®* that of the solid is -103 kcal.,*®* 
the molar heat of vaporization being —70 kcal*“* Solid silicon 
monoxide is useful as an abrasion and tarnish-resistant coating on 
mirrors and optical glass.®* 

MONOXIDES OF GERMANIUM, TIN, AND LEAD. All these COmpOUnds 

show both acidic and basic properties, the latter becoming increasingly 
important with increasing atomic weight of the metal. All may be 
regarded as parents of both cationic compounds (halides, sulfides, 
etc.) and anionic compounds (germanites, stannites, plumbites). 
Treatment of tin(ll) and lead(II) salt solutions with alkali precipitates 
gelatinous hydrous oxide hemihydrates, MO O. 5 H 2 O. Lead monoxide 
(plumbous o.xide) exists in two enantiotropic forms, alpha (red, tetrag¬ 
onal, low-temperature modification) and beta (yellow, orthorhombic, 
high-temperature modification), but the transitions are slow and the 
transition temperature is not known. The alpha lead monoxide and 
tin monoxide (stannous oxide) are in effect giant molecules in which 
each oxygen atom is surrounded tetrahedrally by four metal atoms, 
each of which in turn has four oxygens associated to one side of it in 
a square, the Sn—0 and Pb—0 bond distances being 2.21 A and 
2.30 A, respectively.*®* Reducing power decreases with increasing 
atomic weight of the metal. Stannous and plumbous oxides are 
obtained by dehydration of the hydrous oxides. Oxidation of lead 
above 550®C. also yields plumbous oxide, other lead oxides being 
unstable with respect to this compound above that temperature. 

Dioxides. Carbon dioxide is a gas at ordinary temperatures. The 
other dioxides are solids. The difference arises from the fact that 
carbon dioxide exists as discrete CO 2 molecules formed by complete 
sharing of electrons between carbon and oxygen, whereas in the others 
metal atoms are linked by oxygen bridges due to the instabilities of 
multiple links. Attractions between individual COi molecules are 
small, but disrupting the structures of the other dioxides requires 
breaking a number of bonds and the consequent expenditure of con¬ 


siderable energy. „ ., • / 

CARBON DIOXIDE AND ITS DERIVATIVES. Rapid expansion of carbon 

dioxide has a sufficient cooling effect to convert part of the matermi 

into solid The solid has a sublimation pressure of 1 atm. at - (H.o u. 

The liquid is obtained citl.er wl.en the solid is heated 

or when the gas is compressed, the triple point being -56.6 C. at 

5.01 atm. The critical temperature is 31.0®C., the cntical 

being 73 atm. Liquid carbon dioxide is available m cylinders. 

.01 G. Grube ami H. Speidcl: Z. FMorhem., 63, 341 (194^ 

W. J. Moore ami L. Pauling: Am. Chfm. Sor., 63, 1392 (1941). 
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solid exists as cubic crystals at — 190®C. The resonance forms of the 

carbon dioxide molecule have been discussed earlier (p. 195). The 

observed C—0 bond distance of 1.15 A is in agreement with the pres- 

+ 

ence of : 0 : C:: :0 : structures. The molecule is linear (p. 186). 


Carbon dioxide is a comparatively weak oxidizing agent and will not 
support the combustion of carbonaceous compounds, sulfur, or phos¬ 
phorus. On the other hand, previously ignited sodium, potassium, or 
magnesium bum in carbon dioxide, with the formation of carbonates, 
oxalates, or oxides and carbon, and at elevated temperatures carbon 
reduces carbon dioxide to the monoxide. At temperatures above 
1000°C., carbon dioxide is dissociated appreciably to the monoxide 
and oxygen, the degree of dissociation increasing with increasing 
temperature. 

In contact with water, carbon dioxide dissolves. The resulting 
solutions are faintly acidic due to the formation of carbonic acid, 
HtCOj (p^a/ = 6.46, p/cx/ — 10.22). Only a small proportion (ca. 
1%) of the dissolved carbon dioxide appears to react with the water. 
Both normal and hydrogen carbonates are known for the alkali metals, 
but for the heavier elements the hydrogen carbonates exist only in 
solution and decompose to normal carbonates and carbon dioxide upon 
evaporation of the solutions. Most carbonates are difficultly soluble in 
water, but precipitation from solution, using an alkali metal carbonate, 
commonly gives basic salts because of extensive hydrolysis of the 
carbonate ion. The carbonate and nitrate ions are isosteric (p. 215). 
Peroxycarbonates have been described in Chapter 14 (pp. 513-514). 

A variety of ammono and aquo-ammono derivatives of carbonic 
acid have been described. Certain of these are related to each other 
in the preceding chapter (pp. 571-572). A number of so-called 
carbonyl derivatives of type formula COX, (X = uninegative radical) 
are known. The melting points and boiling points of the more com¬ 
mon of these are listed in Table 16-9. The halides, obtained by direct 


Compound 

COF, 

coa, 

COBr, 

CO(CN), 

COS 

COSe 

CO(NH,), 


TABLE 16 9 
PhTSICAL CoNSTAffTS OF CaRBONYL CoifFOUNDB 


Melting Point, *C. 
-114 
-118 


-138.8 

- 122.2 

132.7 


Boiling Point, *0. 
-83 
8.2 
64.5 

-50.2 

-20 

deo 
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reactions of carbon monoxide with the free halogens in the presence 
of light, undergo ready hydrolysis to carbon dioxide and hydrogen 
halide or ammonolysis to urea and ammonium halide. The intensely 
poisonous chloride (phosgene) is the parent solvent in a system of 
acids and bases (pp. 323-324, 365). The fluoride attacks glass 
and many metals. Alternative methods of preparation involve reac¬ 
tion of carbon tetrachloride with sulfur trioxide (p. 524), reaction of 
carbon tetrabromide with concentrated sulfuric acid, and reaction of 
carbon monoxide with silver(II) fluoride. The structures of the 
chloride and the amide (urea) are comparable:"® 



121.5* 


C-C1-1.68A 
C-0 -1.28A 



C-N-1.37A 

C-0-1.25A 


The cyanide results from reaction of carbon monoxide with cyanogen 
in the presence of light. The sulfide is intermediate between carbon 
dioxide and carbon disulfide. The molecule is linear,-’ and the bond 
d stances- of 1.16 A and 1.56 A for C-0 and C-S, respectively, are 
in accord with equal contributions by the resonance structures 


0::C::S 


: 0:::C :S : 


: 0 : C:: :S : 


• • 


It is obtained 

hot tube, by reaction of water yap charcoal, by oxidation 

by controlled ^^^olysis oUhiocyanic 

of carbon disulfide wi certain thiocarbonates and thiocarba- 

Se with^t!^^^^^^^ --pounds are of considerable use 

in organic reactions. nroduct of all carbonaceous fuels, 

carbonates. 

...0 RU6 and G. MilUchilrky: Z. nnor,. 5 ^s.‘''’aa;on.lun 

... A. K. Wcllm Slruclural l«organ,. Ihcn.stry, 2nd M.. P 

Press, Oxford lie.W. _ 60, 126 (^41). 

..r A. Eucken and K. ch.m. Phys., 3, 821 (1935). 

iM P. C. Cross and L. U. 
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SILICON DIOXIDE AND ITS DERIVATIVES. The name silicon dioxide 
is a mis nomer to the extent that it implies the presence of discrete 
SiO: molecules. In all forms of silica, each silicon atom is surrounded 
tetrahedrally by four oxygen atoms, each oxygen being shared with 
another tetrahedron. The resulting giant molecule has the average 
stoichiometry SiOi. Silica exists in three different crystalline forms, 
each of which has a low-temperature and a high-temperature modiBca- 
tion. The relations among these forms as indicated by the scheme 

870*C 1470«C 17I0*C 

/3-quartz /3-tridymitc --i ^-cristobalite --^ liquid 

(h«mihedr&l (holohMrftI (cubic) 

lieiftCOQftl) h«iaKonftl) 

•)[.873«C. 1[, ITO'-ieO^C. '][,200®-278*C. 

a-quartz a-tridymite a-cristobalite 

(ictart^bedral (biaiiali rhombic?) (biaxial) 

haxagoaal) 

are summarized in Figure 16*2. Many of these transitions are slow, 
and crystallization of the liquid is difficult to effect. As a consequence, 



Temptrature, *C. 

Fio. 16*2. Phase rcKtions for silica. (Vertical axis not drawn to scale.) 

all three polymorphic forms are found in nature, quartz being most 
common, even though they may be metastable. 

In the forms quartz, tridymite, and cristobalite, the arrangements 
of Imked SiO* tetrahedra are different. Cristobalite has the diamond 
structure (p. 665), with a silicon atom in the posiUon of each carbon 
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atom and an oxygen atom at the midpoint of each bond, the bond 
angle of oxygen being distorted to 180°. In tridymite and quartz a 
screw-like arrangement of the atoms imparts optical activity. Differ¬ 
ences among these three forms are somewhat comparable with those 
existing among the diamond, zinc blende, and wurtzite structures. 
Conversions among these structures require bond rupture and are slug¬ 
gish. The $ transformations, however, involve only minor struc¬ 
tural distortions and are both easy to effect and readily reversible.*®* 

Slow cooling of molten silica or heating any form of silica to the 
softening temperature (below fusion) gives a vitreous, glassy material 
which is amorphous. It has a low coefficient of expansion and is 
transparent to ultraviolet. Hydrolysis of silicon tetrachloride or 
tetraethyl silicate or addition of mineral acids to alkali metal silicate 
solutions gives hydrous silica, which can be washed and dried to an 
apparently amorphous powder. Silica containing water may set to 
an amorphous gel. The extensive colloid chemistry of silica is based 
upon the amorphous material."® 

Silica is unreactive toward hydrogen, chlorine, bromine, most acids, 
and metals at ordinary temperatures. It is attacked by fluorine, 
hydrofluoric acid, and alkalies. At elevated temperatures, it is 
reduced by carbon and a number of metals and reacts with basic oxides, 
carbonates, etc., to give silicates. Although amorphous silica is 
readily obtained as outlined above, crystalline silica (specifically 
quartz) has been prepared only recently. Methods involving crystal¬ 
lization from aqueous solutions of silica in sodium silicate'" or sodium 
carbonate"* at elevated temperatures yield quartz crystals suitable for 


peizoelectric oscillators. ^ 

Dried silica gel retains water tenaciously, suggesting the presence 

of one or more hydrates (silicic acids). Dehydration studies by a 
number of workers indicate the presence of a vanety of^ hydrates (up 
to nine in number),"" but it appears that van Bemmelen s orginol con¬ 
clusions, which were that no hydrates exist,- arc still valid and con¬ 
trary observations by others are due to failure to attain true cquih y 
rium "» This conclusion is substantitated by x-ray data showing that 
the freshly prepared gel is cristobalite- and magnetic data indicating 

A. F. Wells: Striirtiiral Inorganic Chemistry, 2nd Ed., pp. 56i-5C9. Claron 

don Press, Oxford (1950). ^ ■ , v«i TI Ch VII John Wiley 

H. B. Weiser; Inorganic Colloid Chemistry, Vol. II, Oh. 

and Sons, New York (1935). 

... N. Wooster and W. A. Wooster: Nature, llj, 207 (lOW. 

... A, C. Walker and E. Dnehlcr: Ind. Eng. ® 

...J, M. van Bcmmelen: Die 

n«L. Krejci and E. Ott: J. Phys. Chem., 36. 2061 (1931). 
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the presence of only silica and water."* The preparation of the 
hydrates Si02’Hj0 (i.e., HjSiOa) and 2Si02'H20 (i.e., HiSijOi) as 
reported by Schwarz and Richter"* has not been substantiated. On 
the other hand, soluble silicic acids may exist metastably in solution 
before undergoing aggregation to insoluble silica. Thus when sodium 
silicate solution is treated with hydrochloric acid, much of the material 
first formed is ionic in nature,"’ and when silicon tetrachloride is 
hydrolyzed in the presence of silver oxide at pH 2 to 2.5, a liquid 
containing up to 80% silicic acid is obtained."* 

Although silicic acid is unknowm, a variety of esters of the type 
Si(OR)4 and silicates containing SiOa“’ and SiOi"’ groups have been 
studied. The chemistry of the silicates is complicated, however, by 
the existence of many other silicon-oxygen radicals and bears no rela¬ 
tion to the chemistry of the carbonates. It is best considered on a 
structural basis, and, as such, it is taken up in detail in a later section 
of this chapter (pp. 722-729). 

THE DIOXIDES OF GERMANIUM, TIN, AND LEAD. Germanium dioxide 

exists in two forms, one with a cristobalite type lattice and the other 
with a rutile (TiOj) type lattice, the latter form being metastable with 
respect to the former and less soluble in water. The transition tem¬ 
perature is 1033®C."* Tin dioxide exists in three polymorphic forms, 
but only the rutile form (as cassiterite) is important. Lead dioxide 
has only the rutile form. There is no evidence that any of these 
dioxides gives a hydrate corresponding to M(OH) 4 . 

It is of interest that treatment of tin(IV) solutions with alkali or 
carbonate or careful low-temperature hydrolysis of tin(IV) compounds 
gives a hydrous product (a-oxide) which is distinguished from the 
product obtained by oxidation of tin with nitric acid (^-oxide) by 
being readily soluble in acids or excess hydroxyl ion. High-tempera¬ 
ture hydrolysis also gives the ^oxide. X-ray studies have shown 
that both oxides are cassiterite, containing adsorbed water."®""* 
The difference in properties is thus due to differences in particle size 
and the extent of coalescence of primary particles into others rather 
than to isomerism as formerly postulated. 

Meta and ortho germanates. GeOr* and GeO*"*, have been de- 

“*P. Pascal: Compt. rend., 176, 814 (1922). 

"* R. Schwar* and H. Richter: Ber., 60B, 2263 (1927); 68B, 31 (1929). 

F. Mylius and E. Groschuff: Ber., 39 , 116 (1906). 

"* R. WillstStter, H. Kraut, and K. Lobingcr: Ber., 61B, 2280 (1928). 

!« t' and D. S. Morton: J. Am. Chem. Soc., 64, 2303 (1932) 

E. Posnjak: J. Phye. Chem., 30, 1073 (1926). 

*** R. Fdrster: Pkys. Z., 28, 151 (1927). 

‘**G. F. HatUg-and H. Dhbling: Ber., 60B, 1029 (1927). 
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scribed. Alkali metal stannate and plumbate 3-hydrates are isomor- 
phous with each other and with the platinates, [Pt(OH)«j“®.'®* This 
suggests species of the type [M(OH)6l“^ (M = Sn, Pb). This is con¬ 
firmed by observations of structural similarities between K 2 [Sn(OH)«l 
and KatPtCU] and proof of an octahedral arrangement of six groups 
around the central tin(IV).*“ Further evidence that the water is 
actually water of constitution (p. 498) is provided by the fact that 
dehydration alters the properties of these materials profoundly. 
Plumbales (including the compound PbjOi) are more stable with 
respect to loss of oxygen at elevated temperatures than the dioxide 
itself. Germanium and tin dioxide dissolve in acids (except nitric, 
in which they are insoluble) by metathesis, but lead dioxide normally 
dissolves by oxidizing the anion of the acid. 

MISCELLANEOUS OXIDES OF CARDON. Carbon SUboxidc, CsOj, IS a 
gas which condenses to a liquid boiling at —6.8°C. It combines with 
water to give malonic acid and is thus the anhydride of that acid. 
The carbon suboxide molecule is linear with bond distances of C C — 
1.29 A and C—0 = 1.20 A'“ and exisU in the resonance forms 


:0; :C::C;;C::0 : : 0:: :C : C:: :C : 0 : 


II 


:0 :C:;:C :C:::0: 

• • 

Ill 

with struct..re I contributing around 60% and II and III around 20% 
each - Carbon subo.ide is obtained by dehydratmg .nalon.c ac.d 
with phosphorus(V) o.xide in a vacuum at 140 to 15U O. 

Pentacarbon dioxide, C.O. is reported to be 
liquid boiling at ca. 105°C. and freezing below - IM C “ta 
hv oassing carbon suboxide through a glass tube at 200 C. 1^ 
existe^rLl questionable, however.-' If it is a true compound, 
r: molecular arrangement is undoubtedly rimilar to that o the sub- 
oxide, with less double bond character because of greater charge 

''xhTtype of resonance charactensing the dioxide (p. 195 ) “"di¬ 
oxide is possible in molecules of the type C.O, only when an odd num- 

... F Reill and S.-M. Touasaint. Z. anorg. 
n. R W G. WyckolT: Am. ./. Sc. M, 16, 2‘.)7 

.... O Bmekway and I.. Paul.ng: Proc. ScU Arad, ic., 19, S60 (1J33). 

... a'. KlaZar and G. Wagner. Brr., 70B. .880 (1937). 
u* 0. Diels: Ber., 71B, 1197 (1938). 
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Sulfur Compounds 

ber of carbon atoms is present. That materials with even n (e.g., 
C 2 O 2 , C 4 O 2 ) are unknown is probably related to this fact. 

Sulfur compounds 

Both monosulfides (MS) and disulfides (MSi) are known for these 
elements. Like the oxides, the disulfides become less stable and the 
monosulfides more stable as atomic weight of the metallic clement 
increases. Thus carbon monosulfide is very short lived, and lead 
disulfide does not exist. The disulfides arc of course more acidic than 
the monosulfides; in fact they behave as acids toward sulfide ion. 

Monosulfides (MS). Carbon monosuUide apparently forms as a 
gas of short life when an electric discharge is passed through carbon 
disulfide vapor.'**'*’® It is of no importance. Silicon monosulfide 
has not been characterized. The monosulfides of germanium, tin, 
and lead are precipitated from weakly acidic salt solutions by hydrogen 
sulfide. The tin and lead compounds are of analytical importance. 

Disulfides (^ 182 ). Carbon disulfide is a liquid boiling at 46.2®C. 
and freezing to a solid melting at — 111.6®C. It has a low kindling 
temperature and undergoes hydrolysis to hydrogen sulfide when 
treated with alkali or water (400® to 500®C.). With sulfide ion it forms 
thiocarbonate, CSr*, the barium salt of which is easily obtained. 
Carbon disulfide is endothermic to the extent of 22 kcal. per mole. 
Electron diffraction data*®* show the gaseous molecules to be linear 
with C—S bond distances of 1.54 A. The measured bond distance is in 
agreement with equal contributions by the resonance structures 


S: 


:C: :S 


S: 


:C :S 


: S : C: 



Similarities among the molecules CO 2 , COS, and CS 2 are striking. 

Silicon disulfide is much more poorly characterized, but in the solid 
state it appears to be made up of infinite chains of SiS 4 tetrahedra 
which share opposite edges.*** The material is obtained as colorless 
needles, which hydrolyze readily, by heating silicon with sulfur.*** 
Germanium and tin disulfides are quite insoluble in 6 M acids. In 
the germanium disulfide crystal, each germanium atom is surrounded 
tetrahedrally by four sulfur atoms, and every sulfur atom is shared 
between two germanium atoms, the S—Ge—S bond angle being 103® 

A. Klemenc with E. Hayek; Z. EUktrochem., 36, 722 (1930). 

K. Mayer and J. B. Wibaut: Rec. trav. chim., 66, 359 (1937). 

>«V. Kondrat’ev and E. Magasiner: J. Phyt. Chan. (U.S.S.R.), 14, 6 (1940). 

E. Zintl and K. Loosen: Z. physik. Chem., 174A, 301 (1935). 

W. BOssem, H. Fisher, and E. Gruner: NaturwisaenschafUn, 23, 740 (1935). 
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and the Ge—S bond distance 2.19 A.‘” The tin disulfide lattice is of 
the cadmium iodide type, with six sulfur atoms surrounding each tin 
atom. Both disulfides react with sulfide ion to give thioanions 
( 00287 “®, SnSa"®, SnS^”*). These disulfides are obtained by direct 
combination of the elements, by precipitation of chloride solutions 
with hydrogen sulfide, or by precipitation of thio-anion solutions with 
acid. 


Nitrogen compounds 

In previous chapters, the binary compounds polymeric carbon 
nitride (p. 572) and cyanogen (pp. 466-467) have been discussed. A 
number of other binaiy carbon-nitrogen compounds are known (e.g., 
C 4 N 2 and CaNn), but they are essentially organic in properties. The 
cyanides are discussed both as pseudohalides in Chapter 13 (pp. 463- 
475) and as such in a subsequent section in this chapter (pp. 717-721). 
Silicon, germanium, and tin form covalent nitrides of the type MjNa. 
The silicon and germanium compounds are chemically very stable, 
but the tin compound decomposes appreciably into the elements even 
at 360®C. In the germanium compound, each germanium atom is 
surrounded tetrahedrally by four nitrogens, one nitrogen being com¬ 
mon to three tetiahedra.'®^ These nitrides result as ultimate products 
w’hen the ammonolysis products of the tetrachlorides are heated. No 
comparable lead compound has been prepared. 

SOME SPECIAL PHASES OF CARBON CHEMISTRY 

As special phases of carbon chemistry, the carbides, the metal 
carbonyls, and the cyanides and related compounds are discussed. 


Carbides 

The binary compounds of carbon with the other elements are called 
carbides although in the sense that carbon is present in combination 
with more electronegative elements as well as less electronegative ones 
the term is not always completely accurate. Compounds with more 
electronegative elements (e g., CX., CO. CSO are better considered 
as halides, oxides, etc., since their properties are better described in 
this fashion. Compounds with more electropositive elements (i.e., 
the true carbides) vary widely in properties, depending upon the type 
of linkage present. On this basis they may be classified m ionic, 
covalent, or metallic (interstitial),- as was done with the hydndes 


»«» w. H. Zacharaisen: J. Chem. Phys., 4, 618 (1936). 

R. Juza and H. Hahn; Natunnssemchaften, 27, 32 (1939). 

>** A. F. Wells; StTUCtural Inorganic Chemutry, 2nd Ed., pp. 550-553 

Press, Oxford (1950). 
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(p. 404) and the nitrides (p. 578). The discussion which follows may 
be supplemented by reference to available reviews. 

Ionic Car 6 Mfes. Ionic or salt-like carbides are formed by the met^ 
in Periodic Groups I, II, and III. In general, these compounds exist 
as transparent crystals, and in the solid state they are non-conductors 
of the electric current. When treated with water or acids, they evolve 
hydrocarbons because of hydrolysis of the negative ions.*” In general, 
they may be further classified on the basis of the type of anion (C*“") 
present in the crystal as those containing (a) discrete C"* groups 
(methanides), ( 6 ) diatomic groups (acetylides), and (c) triatomic 
Cr* groups (allylides).*”' 

METHANIDES. Carbides of this type yield methane on hydrolysis 
and are thus derived from methane. Examples are the beryllium and 
aluminum compounds, BejC and AI 4 C 1 . Beryllium carbide has an 
antifiuorite structure (i.e., Be in place of F and C in place of Ca in 
the CaFj structure), each carbon atom being surrounded cubically 
by eight beryllium atoms. In aluminum carbide, each carbon atom 
is surrounded by aluminum atoms at distances of 1.90 to 2.22 A, the 
shortest carbon-to-carbon distance being 3.16 A.*** In carbides of this 
type, the carbon-to-carbon distances are sufficiently large to permit 
the presence of discrete C“* groups, and methane is the primary 
hydrolysis product (some hydrogen also results). In the series BeiC, 
AhCa, SiC, there is a regular change from ionic to covalent character 
paralleling decrease in electropositive nature of the metal. The 
absence of methanides of the larger cations (alkali metals, calcium, 
etc.) is apparently due to lattice limitations. For the alkali metals, 
too many cations are needed for compounds of the type M 4 C to be 
accommodated by the available two tetrahedral holes per anion. 
For the alkaline earth metals, the large cations so deform the anion 
lattice that rupture to discrete Cj“* anions occurs, giving acetylides 
rather than methanides. 

ACETYLIDES. Carbides of this type yield acetylene (completely or 
predominantly) on hydrolysis and are believed to contain : C;: :C 
groups. Examples embrace the alkali metal and coinage metal com¬ 
pounds MjCi (M = Li.,. .Cs; Cu. .. .Au); the periodic group II 
metal compounds, MC* (M = Be....Ba: Zn, Cd); the periodic 
group III metal compounds, M,C. (M = Al, Ce) and MCi (M = 
Y, La, Ce, Pr, Nd, Sm); and a few miscellaneous compounds, e.g., 
ThCi, VCi, and UC*. Two types of crystal structures characterize 

*•• G. T. Morgan and F. H. Burstall: Inorganic Chemictry. A Survey of Modem 
Deoelopmerdc, Ch. XVI. W. Heffer and Sons, Ltd., Cambridge (1936). 

*” G. L. Putnam and K. A. Kobe: Chem. Revs., 20, 131 (1937). 

*** M. von Stackelberg and E. Schnorrenberg: Z. physik. Chem., B27, 37 (1934). 
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these carbides.”^' Both are tetragonal and derived from the 
sodium chloride structure (p. 137) by replacement of Cl~ ions by Cs”® 
ions. However, in the more common type {the CaCj type) the axial 
ratio is greater than one, wlicreas in the other (the ThCj type) it is 
less than unity. It is of interest that the normally tripositive lantha¬ 
nide elements and tetrapositivc thorium yield carbides of this type. 
The presence of a dipositive condition is suggested. Some support 
of this \'iew is given by the fact that whereas calcium carbide gives only 
acetylene on hydrolysis, the lanthanide and thorium carbides give 
ethylene and methane as well, and thorium carbide also yields hydro¬ 
gen. It is thus conceivable that the dipositive metals in the carbides 
release hydrogen from water in being oxidized to their normal oxida¬ 
tion states and that this hydrogen converts acetylene into other hydro¬ 
carbons. The carbides AUCe and Ce 2 Cs behave normally, liberating 
only acetylene. Hydrolysis of alkaline earth carbides is paralled by 
hydrolysis of the corresponding peroxides (p. 500). 

ALLYLIDES. The Only carbide of this class is the magnesium com¬ 
pound, Mg 2 C 3 . On hydrolysis, it yields allylene (methylacetylene), 
and its properties are consistent with the presence of a three-membered 
carbon chain in its crystal structure.This peculiar carbide is 

formed when the acetylide (MgC?) is lieated. 

The ionic carbides are normally prepared by heating either the 
metals or their oxides with carbon or by treating compounds of the 

metals with acetylene (e.g., with Cii, Ag, Au, In, Cd). 

Covalent Carbides. The simplest covalent carbide is undoubtedly 
methane, and other carbon-hydrogen compounds may also be called 
carbides. However, they are usually classed as hydrides and have 
been considered as such in earlier discussions (pp. G(3 G,4). The only 
truly covalent carbides which need be described here are those of silicon 
and boron to which complete three-dimensional covalent bonding 
imparts giant molecule characteristics. Silicon carbide or Carb.^ 
rundum (SiC) e.vists in three crystalline forms related to each other 
the diamond, zinc blende, and wurtzite structures (pp. 133, G92 
In every case, carbon and silicon atoms alternate and are each sur¬ 
rounded tetrahedrally. In rupturing the structure, one brnak 

a number of bonds. The high decomposition temperature (above 
2200°C), chemical inertness, and e.Ntreme hardness (9.1o on Mo 
Lale) are thus reasonable. Boron carbide (B.C) has a peculiar struc- 

Vt. von Slackclberg: Z. physik., , 

W. H. C. RucKBcbcrg: J. Am. Chem. Soc., 66, '943). 

1" A. F. Wells: strurlurat hiorganxc Chemistry, 2ml Ed., pp. 
don Press, Oxford (1950). 
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ture in which the structural units are linear chains of three carbon 
atoms and groups of twelve boron atoms arranged at the vertices of a 
regular icosahedron.These are present in a sodium chloride 
type structure, with the center of the icosahedron substituting for the 
Na+ ion and the central carbon for the Cl“ ion. Each boron atom is 
bonded to five other boron atoms in the same Bu group and to either 
a carbon or a boron atom in the adjacent Bu group, producing a con¬ 
tinuous three-dimensional boron network. The bond distances are“* 
B—B, 1.74 to 1.80 A; B—C, 1.64 A; and C—C, 1.39 A. The extreme 
hardness (9.32 on Mohs’ scale), chemical inertness, and appreciable 
electrical conductivity of the compound are consistent with this 
structure. Observed B:C ratios above four are accounted for by 
spaces in the lattice which can accommodate extra boron atoms. 
Silicon and boron carbides are obtained by reducing the oxides with 
carbon in the electric furnace. 

Interstiiial Carbides. The transition metals of Periodic Groups 
IVa, Va, and Via form carbides of the types MC (M = Ti, Zr, Hf, 
V, Nb, Ta, Mo, W) and MjC (M = V, Mo, W) in which the small 
carbon atoms occupy interstitial positions in the crystal lattices of the 
metals. These compounds, like the corresponding hydrides (pp. 
411-415), nitrides (pp. 579-580) and borides (pp. 770-773) are char¬ 
acterized by opacity, metallic luster, and high electrical conductivity, 
and like the nitrides and borides they are hard, high melting, and 
chemically inert.'** As is true of metals, electrical conductivities 
decrease with increasing temperatures, and some carbides show super¬ 
conductivity at low temperatures. Some of the physical characteris¬ 
tics of these carbides are summarized in Table 16-10. The MC type 
carbides have cubic close-packed structures, whereas those of the MaC 
type have hexagonal close-packed structures. Interstitial carbides 
are obtained with metals having atomic radii greater than about 
1.3 A, since the radius ratio Rc'^u must be less than 0.59. With 
metals having larger atomic radii, carbides of other types result. 

The closely related (but smaller) transition metals chromium, 
manganese, iron, cobalt, and nickel give the carbides CrsCjand M|C 
(Si = Mn, Fe, Co, Ni). These carbides, although formally similar to 
the true interstitial carbides, are distinguished from the latter by 
their ready reactions with water or dilute acids to give either simple 
hydrocarbons (e.g., MnjC gives methane and hydrogen) or mixtures 

'**G. S. Zhdanov and N. G. Sevast’yanov: Compt. rend. acad. $ci. U RSS 
82, 432 (1941). 

H. K. Clark and J. L. Hoard; J. Am. Chem. Soc., 86, 2115 (1043). 

*«K. Becker: Phys. Z., 34, 185 (1933). 
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of methane, ethylene, ethane, and even liquid and solid hydrocarbons 
and free carbon (e.g., FejC). These compounds may perhaps repre¬ 
sent transitions between interstitial and ionic carbides, but their 
radius ratios (0.60 to 0.61) place them closer to the interstitial than to 
the ionic. The structures are incompletely known, although the 
MjC compounds appear to contain discrete C anions, and the carbon 
atoms in the chromium compound are present as chains. 


TABLE 16-10 

Properties of Interstitial or Metallic Carbides 


Carbide 

Radius 
Ratio, 
Re - Rm 

Resistivity, 

microhm/cm. 

Melting 

Point, 

“K. 

Hardness, 

Mohs’ 

Scale 

Temperature 
of Super¬ 
conductivity, 
^K. 

TiC 

0 53 

105 

3410 ± 90 

8^ 

< 1.15 

ZrC 

0 48 

75 

3805 ± 125 

8-9 

2.1-4.1 

HfC 



4160 ± 150 

9 • 

none to 1.28 

VC 

0.58 



' 9-10 


NbC 

0.53 

74 

3770 ± 125 

9+ 

10.1 

TaC 

0.53 

30 

4150 ± 150 

9* 

7.6-9.5 

MoC 

0 56 


2965 ± 150 

7-8 


Mo,C 



2960 ± 50 

7-9 


wc 

0 55 


3140 ± 50 

9* 

1 

w,c 



3130 ± 50 

9-10 


4TaC:lZrC 

1 

1 


4205 



4TaC:lHfC 



4215 

-- 



Interstitial carbides are obtained by the same general procedures 
useful for the preparation of interstitial nitrides (p. 579) except that 
in direct reactions of the elements higher temperatures (2200®C.) 
are required. Powdered carbides are compacted by powder metal¬ 
lurgical methods. The sintered compacts are often bonded with 
metals (e.g., with cobalt) into foims suitable for high-speed tools. 

Metal carbonyls and their derivatives 

Since the characterization of the reaction product of 
carbon monoxide as a carbonyl of composition Ni(CO). by Mond, 
Lancer, and Quincke,■« interest in compounds of this type hM 
increased and the literature has expanded tremendously, particularly 
as a result of the studies of Hieber and his school. The metal car¬ 
bonyls, M.(CO)., may be regarded as parents of a number of related 

O. L. Mond, C. Longer, ond F. Quincke: J. Chem. Sor.. 87, 749 (18901. 
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compounds embracing the metal nitrosyl carbonyls, M(NO)v^), 
(discussed on pp. 600-601); the metal carbonyl hydndes, H.M(CO).; 
the metal carbonyl halides. M,{CO)^.. and their derivatives; the 
carbonyl-cyano complex ions, e.g., [Fe(CN)iC01 *; and a number of 
metal carbonyls containing other coordinated groups such as amines, 
e.g., M*(CO)„(py).. The many available reviews'^®-*** may be con¬ 
sulted as supplements to the discussion which follows. 

Compounds of these types are formed most commonly by the metals 
in Periodic Group YIII, less commonly by the neighboring transition 
elements in Groups Vila and Via. and still less commonly by certain 
of the neighboring elements in Group Ib. They are formed by reac¬ 
tions involving carbon monoxide and either free metals or metal salts 
and are characterized by having CO groups bonded directly to metal 
atoms. Their properties, although dependent of course upon the 
class of compound, are those of covalent materials. Unlike the other 
compounds of many of the metals which they contain, they are uni¬ 
formly diamagnetic. 

It is appropriate that the structures of these compounds and the 
nature of the bonding present be examined before the compound types 
are described in detail. Inasmuch as the CO groups can often be 
replaced successively by neutral molecules^ it Is apparent that they 
exist as such in the metal carbonyls. Since one-to-one replacement 
is effected by groups such as pyridine or cyanide, each CO group must 
occupy the equivalent of one coordination position. That the linkage 
to the metal is through carbon rather than oxygen is indicated by the 
enhanced tendency of carbon to be 4-covalent as well as by x-ray and 
electron diffraction studies, particularly of the iron compounds.*”* 
Furthermore, these CO groups appear to retain without material 
alteration the general bond character of the carbon monoxide molecule. 

“• W. E. Trout: J. Chem. Education, 14, 463, 675 (1937); 16, 77, 113 (1938). 

A. A. Blanchard: Chtm. Rev$., 91, 3 (1937); 86, 409 (1940). 

H. J. Emel^us and J. S. Anderson: Modem Atpecis of Inorganic Chemiatry, 
Ch. XII. D. Van Nostrand Co., New York (1938). 

A. A. Blanchard: Science, 84, 311 (1941). 

A. J. E. Welch: Ann. ReporU, 88, 71 (1941). 

W. Hieber: Die Chemie, 66, 7, 24 (1942). 

“*W. C. Femelius: Inorganic Syntheeu, Vol. II, pp. 229-233. McGraw>Hill 
Book Oo., New York (1946). 

J. S. Anderson: Quart. Revs., 1, 331 (1947). 

W. Hieber: F I AT Review of Oerman Science 1939-1946, Inorganic Chemielry, 
Pt. II, pp. 108-146 Dieterich’sche Verlagsbuchhandlung, Wiesbaden (1948). 

H. M. Powell and R. V. G. Ewens: J. Chem. Soe., 1889, 286. 

**• R. V. G. Ewens and M. W. Lister: Trane. Faraday Soe., 16, 681 (1939). 
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Thus the dipole moment of nickel carbonyl is zero,'” indicating that 
the Ni—C—0 bonds are linear and that, because of covalency limita¬ 
tions, the C—O bond must be comparable to that in carbon monoxide. 
This is supported by electron diffraction data,*^*- *** indicating 

the C—0 bond distances in the carbonyls and their derivatives to be 
1.14 to 1.16 A as compared with 1.13 A in carbon monoxide (p. 686). 
Further support is given by Raman data which show the presence of a 
triple bond in nickel carbonyl. 

The most acceptable picture then involves coordination of carbon 
monoxide molecules to a central neutral atom, a situation which is 
most unusual but apparently paralleled in certain nitrosyls (pp. 598- 
601) and in cyanides of the type K4^'I(CN)4] (M = Ni, Pd).‘*‘ The 
nature of the bond, however, is open to some question. The measured 
Ni—C bond distance of 1.82 A in nickel carbonyl*” is some 0.18 A 
shorter than an expected single covalent bond distance,*** even though 
the C—0 distance (see above) shows clearly that the structure 
: C:: :0 : is present. K structure 


would correspond to an Ni—C distance of 1.79 A.'** It has the added 
advantage of rendering the nickel neutral, whereas the structure 


imposes an unlikely negative charge on the nickel. In the light of 
these data, a resonance hybrid involving both structures appears 
likely for nickel carbonyl. Although this type of resonance appar¬ 
ently characterizes other carbonyls as well, the observed shortening 
of the M—C bonds is less pronounced (Table 16T1), and the tnple- 
bonded structure must be of enhanced importance. The isostensra 
among the CO, CN", and NO+ groups (p. 599) is of some importance 
in this connection as well because it would predict observed similanties 
among isoelectronic materials such as Cr“(CO)#, [Fe"(CN)6l *, 
L. E. Sutton, R. G. A. New, and J. B. Bentley: J. Chem. Sor.. 1933. 652. 

0. Brockway and P. C. Cross: y. CA«m. PAyr, 3, 828 (1935). 

»» L. 0. Brockway, R. V. G. Ewens. and M. W. Lister: TraM. Faraday Sot,, 


34, 1350 (1938). 

J. S. Anderson: Nature, 130, 1002 (1932). 

»•« C. L. Dcasy: /. Am. Chem. Soc., 67, 152 G^^S). 

1«* L. Pauling: The Nature of the Chemical Bond, 2nd Ed., pp. 251 254. 

University Press, Ithaca (1940). 


Cornell 



703 


Ch. 16 Metal Carbonyls and Their Derivatives 

and [Co‘-{CN)«]-* or lFe”(CN)«l-^, [Fe"(CN)6(CO)]-*, and 

[Fe“(CN)6(NO)]“’i and those mentioned in Chapter 15 (p. 599). 

Metal-to-carbon bonds such as these must result from^ orbital 
hybridization (pp. 200-204). The nickel carbonyl molecule is tetra¬ 
hedral,suggesting sp* bonding. The electronic configuration of the 
nickel atom (l5*2s’2p*3s*3p*3d*4fi’) very probably reverts to the 
energetically similar 3d*“ outer arrangement permitting the hybridiza¬ 
tion 4s4p^ Molecules of the isoelectronic nitrosyl carbonyls and the 
carbonyl hydrides of cobalt and iron are also tetrahedral'” and 

TABLE 16 11 


Bond Distances in Metal Carbonyl Compounds 



Measured Bond Distances 

Calculated 
M—C 
Distance, 

Shortening 

Compound 

C—0, 

M—C, 

O 

2 

M—N, 

of M—C 
Bond.A 


A 

A 

A 

A 

1 

A 

1 ' 

Ni(CO). 

1.15 

1.82 



2.00 

-0.18 

Fe(CO). 

1.15 

1.84 



2.00 

-0.16 

O(C0)« 

1.15 

1 92 



2.02 

-0.10 

Mo(CO), 

1.15 

2.08 




ca. —0.10 

W{CO), 

1.13 

2.06 




ca. —0.10 

Co(CO),(NO) 

1.14 ' 

1.83 

1.10 

1.76 

1.99 

-0.16 

Fe(CO),(NO), 

1.15 

1 84 

1.12 

1.77 

2.00 

-0.16 

Co(CO),H 

1.16 

1.83 



1.99 

-0.16 

Fe(C0)4H, 

1.15 

1.82 



2.00 

-0.18 


undoubtedly possess the same bonding. Molecules of the hexacar- 
bonyls of chromium, molybdenum, and tungsten are characterized 
by octahedral arrangements of CO groups around the central metal 
atoms.'”- *•* These are consistent with the d*sp* bonding permitted 
by the electronic configurations of the neutral atoms. Iron penta- 
carbonyl, Fe(CO)6, has the trigonal bipyramidal molecular structure'*® 
consistent with required dsp* bonding. , 

The existence of polynuclear metal carbonyls (e.g., FejfCO)# and 
Co 2 (CO) 8 ) introduces a complication. Sidgwick and Bailey’s con¬ 
tention'” that CO groups may bridge metal atoms by bonds through 
both carbon and oxygen appears unlikely in view of the resultant 
necessary accumulation of positive charge upon the adjacent carbon 
and oxygen atoms. Crystallographic studies*** show the carbonyl 
Fei(CO)9 to have three CO groups bonded to each iron in the usual 

*♦* W. RQdorff and U. Hofmann: Z. physik. Chan., B28, 351 (1935) 

Mao.?' R- W. BaUey: Proc. key. Soc. (London), A144, 621 
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fashion, the other three CO groups being bonded to both iron atoms in 
a ketone-like fashion. Each iron is thus tripositive. Pictorially 
this structure amounts to 


0 

i 



The direct bond l)et\veen the two iron atoms is suggested by the fact 
that the diamagnetic character of the material must be due to opposed 
spins of the odd electrons in the two iron atoms.*** The measured 
Fe—Fe distance of 2.46 A*“ is only slightly greater than that required 
for a covalent bond. This structure confirms Brill's views'** and is 
consistent with infrared data.'** However, such an arrangement 
is difficult to apply to other polynuclear carbonyls (e.g., Fe,(CO)n, 
Co 4 (CO)i 7 ) because of the appearance of unlikely oxidation states and 
coordination numbers. Furthermore, the assignment of two types of 
linkages to the Fe—C bonds does not agree with the properties of all 
the compounds. A resonance of bridging groups involving the forms 


C C 

/ \ / \ 

M M M MM 

has been suggested as a solution to this dilemma.*^** but stmctures 
involving covalent M-M bonds are to be preferred on the bases of 



«*»R. BriU: Z. ifrisi . 65, 85 (1927). iin? MQ«im 

...K, K. Sheline and K. S. Fitter: J. Am. Chem. S«.. 

!•» K. A. Jensen and R. W. Asmuesen: Z. anorg. Chem., Ut, 234 (1J44;. 
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x-ray, magnetic, and color data.’®» It is obvious that further studies 
are essential to complete elucidation of this problem. A promising 
beginning has been made by Sheline,**® who suggests that the diamag¬ 
netic susceptibility, x-ray diffraction, and infrared data for trimeric 
iron tetracarbonyl are best explained by the bridge structure 



0 O 


Evidences for ketone-like character in the bridging CO groups and for 

only slightly modified carbon monoxide character in the end CO groups 
are given. 

The nitrosyl carbonyls have the same types of structures as the 

metal carbonyls (pp. 600^1). The metal carbonyl hydrides of 

cobalt and iron have the nickel carbonyl structure, and it has been 

suggested that for each hydrogen present an electron is transferred to 

the metal, the proton then attaching to an electron pair on an oxveen 
to give the arrangement*” 

I 

—M ; C:::0 : H+ 

R, V. G. Ewena: Nature, 1$1, 530 (1948). 

R. K. Sheline; J. Am. Chtm. Soc., 78, 1615 (1961). 
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The : C:::0 : H'*’ group is isoelectronic with the : N:::0 group, 
making the carbonyl hydrides the analogs of the nitrosyl carbonyls. 
The carbonyl halides and related compounds presumably contain 
halide, etc., groups attached directly to metal atoms, and in the 
various amine derivatives amine molecules are coordinated to the 
metal atoms, with the carbonyl structures remaining unchanged. 

The adherence of the metal carbonyls and related compounds to the 
effective atomic number relation (p. 233) is striking.*®* In the simple 
carbonyls, M(CO)v, the effective atomic number of metal M is that of 
the ne.xt inert gas and is given by the relation 

E.A.N. = m -f 2y (16-1) 


where m is the atomic number of the metal in question. Each CO 
group thus adds two electrons. All the simple carbonyls, Ni(CO)4, 
U{CO), (M = Fe, Ru, Os), and M(CO)6 (M = Cr, Mo, W), fit this 
picture, and the absence of mononuclear carbonyls with cobalt, 
rhodium, rhenium, etc., is in agreement with the concept. For the 
carbonyls M,(CO)v in general, the relation 

G _ + ,.gy = - 1 (16-2) 

X 


holds, G being the atomic number of the next inert gas. This relation 
applies to polynuclear compounds as well as mononuclear and to most 
of the related carbonyl compounds as well. Blanchard has e.\ploite 
the effective atomic number concept extensively for the ^rbonyls 

Metal Carbonyls. Known metal carbonyls are listed in Table 1612 
together with some of their more important physical properties, 
report made in 1949>’<' gives mass spectrographic data 
presence of a dinuclear manganese carbonyl in the products isolated 

from the reaction of manganese(ll) iodide with carbon m 

the presence of a Grignard reagent. Later work has led 
tion of the compound as a crystalline matenal a® 

rtenium also forms a carbonyl, there appears to be no reason why 
tMhnetium should not. However, it should be point^ out also that 
!io palladium or platinum analogs of nickel carbonyl have been iso¬ 
lated The volatility of copper when heated in carbon “onoxide 
uggests the formation of a copper carbonyl, as does the 
Reflow copper-containing precipitates in methanol prepared from 

...D. T. Hurd, G. W. Santcll, and P. J. Norton: J. An,. Cken,. Soc., 71. 1899 
(1949). 

E. O. Brimm: Privjito comnuinicatjon. 

»■* H. Bloom: .Waltir*-, 169, 539 (1947). 



Ch, 16 


Metal Carbonyls and Their Derivatives 


707 





70B 


The Carbon Family 


Ch. 16 


carbon monoxide and hydrogen in the presence of a copper catalyst.”* 
However, there is no concrete evidence that either the Group Ib or 
Group lib elements give simple or polymeric metal carbonyls. 

The covalent characteristics of the metal carbonyls are indicated not 
only by the data on volatility given in Table 16T2 but also by the fact 
that these compounds are insoluble in polar solvents but soluble in 
many non-polar solvents. The metal carbonyls decompose to the 
metals and carbon monoxide when heated, although polynuclear car¬ 
bonyls may form as intermediates. In many reactions, their proper¬ 
ties are those of the metals and carbon monoxide. Thus nickel car¬ 
bonyl yields nickel bromide (and carbon monoxide) with bromine, 
but with Grignard reagents its reactions are those of carbon monoxide. 
In other reactions, the characteristics of the compound predominate. 
Examples are reactions in which varying numbers of CO groups are 
replaced by NO groups or amine groups (pp. 601, 716). Certain of 
the metal carbonyls give solutions with, alkalies which yield metal 
carbonyl hydrides when acidified (pp. 711-714), and in some instan^ 
they react directly with free halogens to give metal carbonyl halides 
(pp. 714-716). The metal carbonyls are easily oxidized (some spon¬ 
taneously) by atmospheric oxygen. Many are extremely toxic. 
Carbonyls of the Periodic Group Via elements are more stable and less 

reactive than those of the Group VIII elements. 

The metal carbonyls are obtained by a variety of procedures, among 

which the following can be distinguished. 

DIRECT SYNTHESES FROM METALS AND CARBON MONOXIDE. 1° 

tice this procedure is limited to carbonyls of those metals which can 
be ob^ned in active form by low-temperature reduction procedures^ 

\ickel absorbs carbon monoxide at room 

^ atm^Tlthough'mwach'’* m^ntains that steolutaly pure iro^ >a 

beneficiary . presence of sulfides and iron or 

■r “ifr;:.:' t —- v- 

... D. a ^ Sf ' 

04 Mitt.aach: Angerc. Chem., 41, 827 (1928b 
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of iron pentacarbonyl. Rhenium, osmium, and iridium carbonyls 
have not been prepared by direct reactions. Convenient directions 
are available for the direct preparation of nickel tetracarbonyl.”* 

INDIRECT SYNTHESES INVOLVING THE GrIQNARD REAGENT. In Study¬ 
ing the accelerating effects of anhydrous chromium(III) chloride on the 
reaction between carbon monoxide and the Grignard reagent. Job 
and his coworkers’’® isolated chromium hexacarbonyl, Cr(CO)«. 
Similar reactions in the presence of molybdenum(V) and tungsten(VI) 
chlorides gave the corresponding hexacarbonyls.'” The low yields 
characterizing these reactions can be improved by using high carbon 
monoxide pressures, a 60% yield of the chromium compound resulting, 
for example, at pressures of 35 to 70 atm.”* The exact mechanisms 
of such reactions are unknown. However, with chromium it has been 
8ho\vn that no carbonyl is formed prior to hydrolysis of the Grignard,”* 
indicating a probable organo-ohromium carbonyl intermediate, which 
on decomposition with acid yields chromium hexacarbonyl as one 
product as 

3Cr(CO)sR4 + 6H+ — Cr(CO)# + 2Cr+* + 12R + 3H, 

That organo-chromium compounds do form under such circumstances 
and undergo comparable disproportionation reactions is indicated by 
Hein’s work,*** although syntheses of organo-chromium compounds 
may be questioned. Comparable reactions may be assumed to occur 
in syntheses of molybdenum and tungsten carbonyls by this procedure. 
It is significant that only the covalent halides mentioned are reactive 
under these conditions. 

INDIRECT SYNTHESES INVOLVING METAL COMPOUNDS. Reaction of 

carbon monoxide with certain metal compounds, either alone or in the 
presence of supplementary reducing agents, often yields metal car¬ 
bonyls. Although it may be concluded that reduction to the metal 
precedes carbonyl formation in general, the formation of carbonyl 
complexes which undergo decomposition to the carbonyls cannot be 
overlooked as a possible mechanism. Nickel tetracarbonyl is obtained 
when aqueous solutions of the complex cyanide, KjlNifCN),], are 


n ®****®**^* ^ncroanu; Syntheses. Vol. II, p. 234. 

McGraw-Hill Book Co., New York (1946). ^ 

A. Job and A. Ca^l: BuU. toe. chim. [4], 41, 1641 (1927). 

*” A. Job and J. Rouvillois: Compt. rend., 187, 564 (1928). 

69,t7S^(m7i 

^ ^mberg: Z. anorg. allgem. Chem., 221, 321 (1935). 

Ft. Hem: J. praki. Chem., 182, 69 (1931). 
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allowed to absorb carbon monoxide and are then acidified/*^ when 
nickel(II) cyanide,*** sulfide,*’* or mercaptide*” suspended in sodium 
hydroxide solution is treated with carbon monoxide, or in general when 
nickel salts of inorganic or organic thio acids*’* are treated with carbon 
monoxide. According to Manchot and Gall”', reaction proceeds by 
two steps, namely, 


2NiX, + 2nCO 2NiCCO)nX + X, 
2Ni(CO)nX + (4 - 2n)CO Ni(CO)4 + NiX, 


absorption of the group Xi by —OH, —SH, etc., occurring as it is 
formed in the first reaction. 

Although ruthenium does react with carbon monoxide, the iodide, 
Rul,. gives the carbonyl iodide, Ru(CO)J., even at ordinary pressures, 
and in the presence of an iodine acceptor (e.g., finely divided silver or 
copper) and at high pressures this compound is converted to the penta- 
carbonyl, Ru(CO)..‘'‘ It appears that the process is stepwise and 

may be represented by the equilibria 

Rul, Ru(CO),I, ^ Ru(CO).I Ru(CO), 


A similar mechanism describes the conversion of iridium hJides to 
Xuclear carbonyls, (IrfCO).), and [IrfCO).].,-■« but ht Is or no 
LCyl is formed if reduction to iridium metal P"" 

duction of carbon monoxide. Ease of conversion mcreas^ m the 

series chloride-bromide-iodide. Comparable mactioM o esrbon 

monoxide with osndr^ XoT.Xrwrch undiTon!:^^ 

OMboDyl hrJide. ot the type 0.(C0)JC. whten 

Reaction of carbon monowd conditions (100“, 50 atm.).'" 

pentacarbonyl ^ ^ iridium halides, although some- 

^a“f Tre Sy !o ^ve the carbonyls [RhfCO).). and IRh(CO).)..- 
what more ^uy. « g monoxide with the rhenium com- 

poSKu! K,[RoCI.l, and K.[RoBr.l in the presence of copper and 

: r - ca....... «. te 

‘‘m w. Maaohot and H. ^ ‘‘Xm. Ckem., m. m (1936). 

»‘W. Manchot and W. J. ftjan^ » (1040). 

:r. i- sr, X h. "z. «».«<-«=•>■ 
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under pressure give the carbonyl halides Re(CO)«Cl and Re(CO)iBr, 
whereas the carbonyl iodide is formed from the compound KjlRelil 
even at ordinary pressures.These carbonyl halides, unlike the cor¬ 
responding platinum metal compounds, are of sufficient stability so 
that they are not converted into rhenium carbonyl. This carbonyl, 
[Ile(CO),]t, is formed from reaction of carbon monoxide with such 
rhenium compounds as Re^Si, ReiOTi ReOi, etc., at 250 C. and 200 
atm.‘” 

It is of interest that the high-pressure technique is also useful in con¬ 
version of iron, cobalt, and nickel compounds derived from highly 
polarizable non-metals (sulfur, iodine, etc.) into the corresponding 
carbonyls***’ *** and is of technical importance. 

SYNTHESES FROM OTHER CARBONYi£. Under influence of ultraviolet 
light, iron pentacarbonyl loses some carbon monoxide and yields the 
enneacarbonyl, Fej(CO)i.*** This compound undergoes thermal 
decomposition to the pentacarbonyl and a trimeric tetracarbonyl, 
(Fe(CO) 4 ]i. Osmium pentacarbonyl undergoes comparable decom¬ 
position, yielding the compound Oai(CO)#.‘” 

SYNTHESES FROM CARBONYL HYDRIDES. Oxidation of iron carbonyl 
hydride, HjFe(CO) 4 , with manganese dioxide or hydrogen peroxide 
forms the trimeric tetracarbonyl.*** Thermal decomposition of cobalt 
carbonyl hydride, nCo(CO)4, is a convenient method of preparing the 
dimeric tetracarbonyl.*** 


The metal carbonyls are useful for the preparation of metal powders 
containing spherical particles (e.g., Fe), for the preparation of pure 
metals (especially nickel by the Mond process), and for the preparation 
of metal mirrors and plates (e.g., Ni, Cr). Iron pentacarbonyl is useful 
as an anti-knock additive to motor fuels. 

The Metal Carbonyl Hydrides. Known metal carbonyl hydrides are 
HRe(CO)», H,Fo(CO)*, H,Oa(CO) 4 , HCo(CO) 4 , HRhfCO),. and 
HIr(CO) 4 . Of these, only the iron and cobalt compounds have been 
studied in detail, the existence of some of the others being inferred 
rather than proved by isolation of the compounds. There is some 


*•• W. Hieber, R, Schuh, and H. Fuchs: Z. anory. allgem. Chan., 848, 243 (1941). 
*»• W. Hieber and H. Fuchs: Z. anorg. aUgan. Chan., 848, 256 (1941). 

**' W. Hieber, H. Sohulten, and R. Marin; Z. anorg. aUgtm, Chem., 840, 261 
(1039) • 


'** W. Hieber, H. Behrens, and U. Teller: Z. anorg. atlgan. Chan., 849,26 (1942). 
*•* J. Dewar and H. 0. Jonee: Proe, Itoy. Soc. (London), A79, 60 (1906). 

*•* W. Keber: Z. anorg. allgan. Chan., 804, 165 (1932). 

‘•*P. GUmont and A. A. Blanchard. Inorganic Synlheaeo, Vol. II. n 238 
McGraw-HiU Book Co., New York (1946). P' 
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evidence also for the existence of a manganese compound.As 
mentioned previously (p. 705), the metal carbonyl hydrides have the 
same structures as the metal carbonyls and nitrosyl carbonyls, COH 
groups being equivalent to CO groups. 

Iron carbonyl hydride is a pale yellow, volatile liquid (m. p. 
— 70°C.), which decomposes rapidly above — 10®C. to thepentacarbonyl, 
a polymeric tricarbonyl, and hydrogen. It is strongly reducing in 
character and is readily converted to iron carbonyl iodide, Fe(CO)4li, 
by iodine. Cobalt carbonyl hydride is obtained as a white to light 
yellow solid, melting at —33®C. to a yellow liquid. The liquid darkens 
as temperature increases because of decomposition to dimeric cobalt 
tetracarbonyl and hydrogen. On the other hand, the compound is 
stable in the vapor state in the presence of excess carbon monoxide. 
Like the iron compound, it is reducing in character. Preparation of 
polynuclear carbonyls from these carbonyl hydrides has been described. 

An outstanding characteristic of the carbonyl hydrides is their 
behavior as weak acids and consequently their ability to form metal 
derivatives. The successive dissociation constants (kj) of the iron 
compound are 4 X 10"^ and 4 X 10”** at 17.5®C.*®* Two series of 
metal derivatives are thus obtained for the iron compound, but only 
one series is possible for the cobalt material. Derivatives of the alkali 
metals and large amine or ammine cations are salt-like in character, 
but those of other metals are not. Iron carbonyl hydride forms com¬ 
pounds of the types (pyH)dFe(CO)4], (pyH)HlFe(CO)4l, (^-phenH,)- 
fFe(CO) 4 l with pyridine and orthophenanthroline*®^ and yields crys^- 
line compounds of the type [M"(NH,).J[HFe(CO),). (M = Fe, Co, 
Ni) with many ammines.- These ammine denvatives and corr^ 
spending compounds containing metal ions with coordmated ammes 
give highly conducting solutions in acetone or methanol. Compara- 
We compounds are formed by cobalt carbonyl hydride, - and it .s of 
interest that dimeric cobalt tetracarbonyl reacts directly with ammonia 
to give the ammine salt |Co(NH,).l|Co(CO).l, and carbon monoxide. 

Many heavy metal derivatives of the metal carbonyl hydrides are 
difficultly soluble and comparatively stable. The formation of the 
mercury compound, HglFe(CO).l, as a product of the reaction of iron 
nentacarbonyl with mercuric salts was noted even before discove^ 

iron carbonyl hydride.- The same impound 

mercury(II) salt solutions by iron carbonyl hydride. It is a yel 

... R. Knimholz and H. M. A. Steltiner: d. 
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solid, stable in air, decomposed at ISO^C. into iron, mercuo^, and car¬ 
bon monoxide, and converted to the carbonyl iodide by iodine. Other 
heavy metal derivatives of both the iron and cobalt compounds are 

similar. 

Iron and cobalt carbonyl hydrides are formed when certain carbonyls 
(FeCCO)6, [Co(CO)d 3 ) are absorbed in strongly alkaline solutions 
[KOH, Ba(OH),] and are liberated when acid is added.”' ”* 
Hydrolysis reactions involved may be summarized by the equations 

Fe(CO)6 + 20H- - H,lFe(CO)4] + CO,-* 

3[Co(CO)d3 + 40H--* H[Co(CO)4l + 2COr’ + 2[Co(CO),!„ 

Cobalt carbonyl hydride, rather than a cobalt carbonyl, is the product 
obtained when an alkaline cobalt(ll) salt solution containing cyanide 
is treated with carbon monoxide.'** In other reactions comparable to 
those used for the preparation of nickel tetracarbonyl, cobalt carbonyl 
hydride also is formed. This is particularly true of reactions in the 
presence of cysteine,*"* xanthates,'*' and other thio compounds.*** 
Alcohol or amine substituted metal carbonyls are sometimes decom¬ 
posed by acids to carbonyl hydrides, iron carbonyl hydride being 
formed, for example, in the reaction of the compound Fe 2 (CO) 4 en, 
with acid.*"* 

High-pressure reactions of the types employed in the preparation of 
the metal carbonyls (pp. 708-711) have been particularly useful for 
the preparation of the carbonyl hydrides. In the presence of copper, 
moist cobalt sulfide is readily converted into the carbonyl hydride by 
carbon monoxide under pressure,and comparable reactions are 
useful for the preparation of other metal carbonyl hydrides. The 
cobalt compound is also formed at 165®C., in what amounts to a total 
synthesis, by the action of hydrogen (120 atm.) on the dimeric tetra¬ 
carbonyl under high carbon monoxide pressure (150 atm.),*®* and 
partial conversions are effected, starting with cobalt metal or sulfide. 
The iron compound is not formed under comparable conditions.*®* 
High-pressure reactions involving carbon monoxide, metals more 
basic than copper, and either cobalt salts, cobalt, or dimeric cobalt 
tetracarbonyl yield metal derivatives of cobalt carbonyl hydride of the 
types M'fCoCCO)*! (M* = Ti), M"[Co(CO) 4 ], (M" = Zn, Cd, Hg. Sn, 

**‘W. Hieber and F. Lcutert: Naturunaaemckaften, 19, 3C0 (1931): Z. anoro 
QUQem. Chem,, 904, 145 (1932). 

*** W. Hieber and H. Schulten: Z. atiorg. aUgem. Chem., 282, 29 (1937). 

**• M. P. Schubert: J. Am. Chem. Soc., 65, 4563 (1933). 

*®*W. Hieber and H. Leutert: Ber., 64B, 2832 (1931). 

*** W. Hieber and U. Teller: Z. anorg. aUgein. Chem., 249, 58 (1942). 
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Pb), and M^HCoCCO)*], (M"‘ = Ga?, In. The volatiUties 

of these compounds and their solubilities in organic solvents suggest 
that they are polynuclear compounds.*®* 

Metal Carbonyl Halides. Compounds of this type are formed by 
all the metals which yield carbonyls except chromium, molybdenum, 
tungsten, and nickel and by palladium, platinum, copper, silver, and 
gold as well. Examples of carbonyl halides (and closely related com¬ 
pounds) are summarized in Table 16*13. Of these compounds, those 


TABLE 1613 
Metal Carsontl Halides 


Group Vila 

Group VIII 

Group Ib 

1 

1 

Fe((X))»X, 

Fe(CX))4Xi 

(Fe(CO),Br,l, 

Fe(CO),X, 

Fe«X)),I 

Co(CO)I, 


Cu(CO)X 


Ru(CX))iX, 

Ru(CO)Br 

lRh(CO),X|, 

IPd(C0)aiU 

H[Pd(CO)ai) 

Ag,S04C0 

R«(CO).X 

08(C0)4X, 

Ob(CO),X, 

Os((X))iXi 

[08(C0)4X1i 

Ir(CO),X 

Ir(CO).Xi 

Pt(CO)iCli 

(Pt(CO)X,l, 

H(Pt(CO)X,l 

Au(CO)a 


X - a, Br. I. 

derived from iron have been studied most extensively. They resem^ble 
the iron carbonyls in being volatile and in being able to lose carbon 
monoxide by stepwise substitution by amines. Like the iron carboy s 
they are soluble in non-polar solvents and are photosensitive. Their 
thermal stabilities increase from chloride to i^ide A number of the 
more important reactions of the iron carbonyl iodides are summered 
in Table 16-14 ■” The iron carbonyl halides are formed from direct 
reactions of the halogens with iron pentacarbonyl”' or with iron 
carbonyl hydride or of carbon monoxide with iron halides under pr^ 

or bromide yields mixed carbonyl halides. Fe(CO)*XY (A i. 


Y = Cl or Br.)*®* 


w! Hiebcr anfl G. Bader: Prr., 61B, 1717 (1028); Z. anorg. allgtm. 190, 

193 (lOM); 201. 329 (1031). 

10 ) w. llieber: Z. Elektroch^m., 43. 390 (1937). 

W. Hiebcr and A. Wimohing: Z. finorg. aJlifem. Chem., 246, 35 (1940). 
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The carbonyl halides of ruthenium,*” osmiuni,*" rhodium,*“ 
iridium,*”-*•• and rhenium*” are quite comparable with those of iron. 
However, the carbonyl halides of palladium, platinum, and the coinage 
metals are somewhat different. The platinum compounds, Pt(CO)Cl,, 
Pt(CO)jCl,, and Pt,(CO),Cl 4 . were first isolated by reaction of plaU- 
num with chlorine and carbon monoxide at 250‘’C.*>® but are also 

TABLE 1614 

SouB Impohtant Reactions Involving Iron Carbonvi. loniDBS 

PeiCOUHgjI, 



Fe(CO)ilpyl2li FelCOltio phcn)It 


F«(CO)(pyl,l« 

obtained by action of carbon monoxide on platinum(ll) chloride at 
250®C. or platinum(IV) chloride at 140®C. The first two compounds 
add ammonia to ^ve the ammines [Pt(NHi)t(CO)Cl]Cl and [Pt(NHs)r 
(CO)i]CU and lose carbon monoxide in contact with strongly coordi* 
nating groups. Although decomposed to platinum by water, they 
dissolve in hydrochloric acid to give the complex acid H[Pt(CO)Clali 
of which many salts are known.*** The compounds Pt(CO)Clt and 
Pt(CO)sCls are non-electrolytes, and the former is undoubtedly dimerio 
with a bridge structure (p. 273) such as 


Q 

o 

o 

o 

—i 


rci Cl con 




Pt Pt 

or 

Pt Pt 

/ 

/ 

\ 


\ 

\ 

Loc a cij 


LCl Cl COJ 


The bromide and iodide, Pt(CO)Xi (X » Br, 1), are comparable but 

■*• P. SohatHQbergw; Aim. (Atm. liv), It. 100 (1868): [Ivl, 81, SfiO (1870). 

**» A. D. Qd’man: Ana. atOew platim, Inat. ehim, gin. (V.R.S.S,), W (1948). 
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of lower thermal and higher chemical stabilities. Palladium(Il) 
chloride gives the compound Pd(CO)CU with carbon monoxide in the 
presence of methanol vapor.This compound is comparable to its 
platinum analog in properties. Formation of copper(I) carbonyl 
halides as ammines or hydrates by action of carbon monoxide on 
copper(I) salt solutions is well known.*'® A stable gold compound, 
Au(CO)Cl, is formed from direct reaction of carbon monoxide with 
either gold(I) chloride at room temperature or gold(III) chloride in 
tetrachloroethylene at but with silver only the sulfate, 

AgiSOrCO, is known.*'® 

Amine-Substituted Metal Carbonyls. The treatment of certain 
metal carbonyls with highly coordinating amines (e.g., pyridine, 
ethylenediamine, o-phenanthroline), ammonia, or certain nitriles 
effects displacement of some CO groups and the formation of sub¬ 
stituted carbonyls. Iron pentacarbonyl for example, yields the com¬ 
pounds Fe 2 (CO) 4 (py) 3 , Fe 2 (CO)ienj, Fe(CO) 3 (NHi)!, etc.,***’**® 
whereas under even milder conditions substituted carbonyls of the 
type Fe{CO)jA (A = py, o-phen, CHjCN) are formed from the tri- 
meric tetracarbonyl.***’**® With pyridine, nickel tctracarbonyl yields 
(reversibly) the compound Ni2(CO)3(py)2,"‘ whereas, with ortho- 
phenanthroline, the stable compound Ni(CO) 2 (o-phen) is the product. 
The hexacurbonyls of chromium, molybdenum, and tungsten undergo 
successive replacement of CO groups.***-==* This is illustrated sche¬ 
matically for the chromium compound on treatment with pyridine as 

Cr(CO)o- Cr(CO)4(py)2- Cr2(Cp)7(py)i- Cr(C()hCpy)i 

colons, yclla- 

Cr2(CO)4(py), 


The amine-substituted metal carbonyls have the properties of covalent 
compounds. Amine-substituted carbonyl habdes (e.g., Fe(CO)r 
(py) 2 Xj] are known also. 


ill W. Manchot and J. Konig: Ber., 69, 883 (1^>26)- 
*«»0. H. Wagner: Z. anorg. allgem. Chem., 196, 364 (1931). 

*>* W. Manchot and H. Gall: Ber., 68 2175 0^25). 

*•» M. S. Kharasch and H. S. IsbeU: J. Am. Chem.Joc.. 62. 2018 (1930). 

W. Manchot and J. Konig: Ber., 60, 2183 (192<). 

W Hieber and F. Sonnekalb: Ber., 61B, 2421 (1928). 

*i« w'. Hieber, F. Sonnekalb, and E. Becker; Ber., 63B. 973 (1930). 

«» W. Hieber and E. Becker: Ber., 63B, 1405 (1930). 

«o W. Hieber and H. Vetter: Ber., 64B, 2340 (1931). 

». W. Hieber. F. MOhlbauer. and E. A. Ehm-.nn: Ber 66B { 9^ 

... W. Hirbcr and F, MUhIb.uor: Z. 

»« W. Hieber and E. Romberg: Z. anorg. allgem. Chem., 231. 34J 


Ch.I6 Cyanides 

Miscellaneous Metal Carbonyl Derivatives. Commonest of the^ are 
cyano derivatives such as K.lFe(CN).(CO)l, K.1 Co(CN)b(CO) 1. and 
K’e[NirCN)«(CO)l.‘*‘ Of particular interest are the nickel(O) deriva¬ 
tives, K[Ni(CN)(CO),), K,INi(CN),{CO),]. and possibly K,[Ni(CN)r 
(CO)l, formed either by reaction of nickel tetracarbonyl with potassium 
cyanide or by reaction of potassium tetracyanonickelateCO) (p. 719) 
with carbon monoxide.*” Of some interest also are the roercaptide 
derivatives of iron and cobalt carbonyls, Fe(CO)iSR and Co(CO) 

These may be regarded as formal analogs of Roussin's salts (pp. 602, 
604), with three CO groups being equivalent to two NO groups. 
The compounds Fe,(CO)«Yj (Y - S, Se), obtained by reaction of 
carbon monoxide (200 atm.) and hydrogen sulfide or selenide with 
iron powder,*** are apparently analogs of the iron carbonyl halides. 


Cyanides 

The cyanides are derived from hydrogen cyanide, many of the prop¬ 
erties of which have been described in Chapter 10 (pp. 341, 361) 
in conjunction with discussion of its solvent character. Hydrogen 
cyanide might be thought of as existing in two tautomeric forms, 
HCN and HNC, corresponding, respectively, to the well-known 
organic nitriles and isonitriles. However, all attempts to effect 
separations into two such forms have been unsuccessful, and their 
existence in actual fact must be regarded as questionable. Dadieu’s*** 
Raman data suggesting the presence of 0.5% HNC are better inter¬ 
preted in terms of the 1% H‘*CN present.*** If any HNC molecules 
are present, their numbers must be negligibly small. 

The halogenoid character of the cyanide radical has been discussed 
in Chapter 13 (pp. 463-475), and the nature of cyanogen and a number 
of its derivatives has been described there. The present discussion 
should be supplemented by reference to these items. Only the metal 
cyanides are treated here. These have been discussed in detail by 
Wells*** and are described in a useful summary by Callis.*** They 
may be classed conveniently as ionic cyanides, covalent cyanides, com¬ 
plex cyanides containing discrete [M+*(CN)J+*“" groups, and metal 
derivatives of these complexes.*** 

«* A. B. Burg and J. C. Dayton: J. Am. Chem. Soc., 71, 3233 (1949). 

*“ W. Rieber and P. Spacu: Z. anorff. Chem., 233, 353 (1937). 

"* W. Hieber and 0. Geisenberger: Z. anorg. Chem., 262, 16 (1950). 

A. Dadieu: yaturteiesenscha/ten, 18, 895 (1930). 

**• Q. Horxberg: J. Chem. Phy$., 8, 847 (1940). 

**• A. F. Wells: Slmetural Inorganic Chemietry, 2nd Ed., pp. 536-544. Claron- 
don Press, Oxford (1950). 

C. F. Gallia: J. Chem. BdueaUon, 26, 160 (1948). 
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Ionic Cyanides. Ionic cyanides are formed by the alkali metals 
(except Li), thalUum(I), and possibly by the alkaline earth metals. 
Their existence in many other cases appears to be precluded by exten¬ 
sive hydrolysis of the strongly basic cyanide ion and resultant pre¬ 
cipitation of hydrous metal oxides or hydroxides. At ordinary tem¬ 
peratures, the sodium, potassium, and rubidium compounds have the 
sodium chloride lattice arrangement (p. 137), whereas the cesium and 
thallium(I) compounds have the cesium chloride structure (p. 183). 
It may be assumed that freely rotating CN" groups occupy Cl“ posi¬ 
tions in the lattices. It is of interest that at lower temperatures this 
free rotation is no longer present, and in sodium cyanide crystals at 
— 10®C. or below all the CN“ groups are parallel,*** the structure 
resembling the sodium chloride structure in the same fashion as does 
the CaC: structure (p. 098). In the cyanide ion, the C—N bond dis¬ 
tance is 1.05 A, the bond being about 57% ionic and involving the 
resonance forms**‘ 

+ — 

: C:: :N : and : C: :N : 


Covalent Cyanides. The covalent metal cyanides embrace the silver 
compound (AgCN), cyano-organo-gold compounds such as (RiAuCN]^ 
and possibly the cyanides of metal ions which form four planar cova¬ 
lent bonds (Pd+*, Pt+*, Ni+*, Cu+*). X-ray diffraction data on the 
silver compound indicate the presence of infinite chains of alternating 
silver and cyanide groups, the silver atoms being joined by cyanide 
groups bonding both through carbon and nitrogen.*** These chains 
are arranged into a hexagonal lattice, with the silver atoms at the 
apices of rhombohedra.*” The Ag-Ag distance of 5.2G A is constant 
with an -Ag-C=N-Ag- arrangement.*** Cyanide bridges have 
been shown to be characteristic of the cyano-organo-gold compounds 
as well (p. 843),*“ and may characterize materials such as palla- 

dium(II) cyanide. _ • . * im+i 

Complex Cyanidee. Complex cyanides containing discrete [M - 

fCN) 1+-" groups are characteristic of a number of the transition 

metals and the metals immediately folloiving the transition senes. 

They are usually characterized by their remarkable stabilities (often 

unaffected by acids) and by the complete difference in their properties 


<.1 L. Pauling: The Nature cf the Chemical Band, 2nH E<1 , p. Cornell Uni- 

Videnehah. SeUhahe. Forh. II, 1.29, Meld. No. 48, 


169 (1930). 

i»*C D West: 2. 88, 173 (1934). 

A. Burawoy, C. S. Gibson, and S. Holt: J. Ch^m. Sor.. 1936. 1024. 
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from those of the simple cations from which they are derived. Forma¬ 
tion of such complexes is usually attended by profound alterations in 
oxidation potentials (pp- 300-305) and often results m the stabiliza¬ 
tion of unusual oxidation states. In such complex ions, the metals 
present are most commonly 2-, 4-, 6-, or 8-covalent (Table 1615). 


Type 

(M(CN),I*'** 

lM(CN)«r*-* 


(M(CN),P*-* 


IM(CN),1*--* 


TABLE 1615 
Common Cyano Com?i 
Stereochemistry 

linear 

square planar or tetrahedral 
octahedral 

dodecahedral 


.EX Ions 

X Examples of Metals 
1 Cu, Ag, Au 
0 Ni. Pd 

1 Cu 

2 Ni. Zn, Cd, Hg, Pd, Pt 

1 Mn 

2 Mn, Fe, Co, Ru, Os 

3 V, Cr, Mn, Fe, Co. Rh, Ir 

4 Mo, W 


The spatial arrangements in such complex cyanides as have been 
studied are in accord with the predictions of orbital hybridization 
(pp. 200-204). Thus in the 4-covalent complexes [Ni(CN)4l"’, 
[Pd(CN) 4 ]->, and [Pt(CN)il->, the arrangement is planar (dsp* bond¬ 
ing);®** in the 6-covalent complexes lCr(CN)e]"*, IFe(CN)*]*'*, and 
lCo(CN)6]"*, the arrangement is octahedral (d’sp* bonding)®*®; and 
in the 8-covalent complex [Mo(CN)b 1-* the arrangement is dodeca¬ 
hedral (d*sp* bonding).**’ 

As is true of the carbonyl group, binding of the cyanide group to the 
metal is apparently through carbon. Because of amilarity in size 
of carbon and nitrogen, only the most accurate x-ray measurements 
can establish the orientation of the cyanide group. Data on the 
cyanide complexes of silver,*** iron(II),*** and molybdenum(IV)**’ are 
consistent with metal to carbon linkages. Chemical data on the 
splitting off of methyl isocyanide from methylated ferrocyanides and 
on hydrolysis of the cobalt complex [Co(CN)«]“* to [Co(CN)6(COO)]“* 
also indicate this type of bonding. Although the absence of metal-to- 
nitrogen linkages cannot be ruled out on the basis of these observations 
alone, they seem unlikely in view of the general similarities in prop¬ 
erties characterizing the complex cyanides as a whole. 


’**H. Brasseur, A. de Rasscnfosse, and J. Pi6rard: Z. Kritt., 88, 210 (1034); 
Compl. rend., 198, 1048 (1934). 

H. SUinmet*: Z. KrisL, 57, 233 (1922). 

**’ J. L. Hoard and H. H. Nordsieck: J. Am. Chem. Soe., 61, 2853 (1930). 

**• J. L. Hoard: Z. Kritl., 84, 231 (1933). 

**• H. M. Powell and G. W. R, Bartindale: J. Chtm. Soc., 1946, 799. 
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Bonding of the cyanide group to a metal incurs the same difficulties 
iliscussed in connection with the metal carbonyls (pp. 701-703). 
Pauling considers resonance involving the ionic structure 

M+(: C:: :N :)~ 

and the covalent structures 


M : C::: N : and M;: C:: N : 

to he important with the double bond structure contributing exten¬ 
sively.-^® 

Metal Derivatives of Complex Cyanides. Although the alkali metal 
and alkaline earth metal salts of many of the complex cyanides just 
described are water soluble, many of the transition metal ions and 
copper(II) ion yield highly insoluble, often gelatinous, precipitates 
with them. These compounds are characterized by their stabilities 
toward acids and by the fact that they commonly contain alkali metal 
ions. Such ions may be held by chemical or adsorption forces. 

The blue materials obtained by reaction of iron(III) salts with 
hexacyanoferrate(II) or by reaction of iron(II) salts with hexacyano- 
ferrate(III) are of especial interest. Although these compounds are 
described as soluble or insoluble, they are all water insoluble, and the 
so-called soluble substances are merely those which can be peptiwd 
readily. All such materials have the stoichiometric composition 
M*FeFe(CN)8 (M^ = K, most commonly), but the true distribution 

of oxidation states is difficult to establish. 

rials as KFe"[Fe”'(CN)6] (Turnbull's blue) and KFe [Fe (CN)*! 
(Prussian blue) is based only upon metatheticsl relationships and is 
not supported by sound chemical evidence Thus Prussian blue p 
converted by sodium hydroxide to iron(III) hydroxide 
cyanoferrate(II) but by ammonium carbonate to 

Furthermore, Prussian blue is formed from reduction of iron(III) 

hexacyanoferrate(III) (Berlin green) with either hydrogen 
r K- r, FefCN)#"* lon but not Fe"*"* iohl or sulfur dioxide 

:S iJ'S b.. ... F.(CN,.-. i.nl .1- - 

of the evidence favors presence of iron(III) and hexaoyanoferrate(II) 
in all the blue materials, even though in solution the equilibrium 

Pe+i 4 - Fe(CN)r' ^ Fe+* + Fe(CN)s“* 

is displaced largely to the right as written.”' 

L. Pauling: Th. Nature of the Chermcal Bond, 2nd Ed., pp. 2.'i4-25«. Cornell 

University Press, IthflCft (lO-lO)- i* o-ir 277 Mn37) 

««i D. David.son: J. Chem. Education. X4. 2-18. 277 (KM7». 
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X-ray studies*** indicate definite similarities between the structures 
of Prussian blue and Berlin green. The latter has a cubic lattice. 
This is preserved with Prussian blue, but alternate iron atoms are 
reduced to the dipositive state and unipositive ions are inserted in 
alternate unit cells to preserve the charge balance. Although no dis¬ 
tinction between ironfll) and iron(III) can be made, it is probable 
that the two are equivalent in the lattice. The same types of struc¬ 
tures characterize the materials M'CuFe(CN)o and M‘FeRu(CN)6 
(ruthenium purple), substitution for iron(II) occurring atom for atom. 
If it is assumed that the cyanide group can coordinate through the 
nitrogen as well as through the carbon, each Fe(CN)6 group can then 
be surrounded by six metal ions and each metal ion by six Fe(CN)« 
groups. This gives a supercomplex of the type demanded by the 
Keggin structure. Such anions may contain the group (Fe‘"|Fe- 
{CN)6l]“, which Davidson calls berlinate.'*^ Alkali metal, iron(II), 
iron(III), etc., berlinates then become possible. 

The heavy metal hexacyanoferrate(II) compounds are also super- 
complexes (e.g. Mj[Cu(Fe(CN)6|l, Zn(ZnjlFe(CN) 6 l 2 ]), as are 
the metal derivatives of cyano complexes containing no iron (e.g., 
K5[Mn|Mn(CN),ll). 

SOME SPECIAL PHASES OF SILICON CHEMISTRY 

Special topics of silicon chemistry covered in this discussion embrace 
the silicates, some phases of the organic chemistry of silicon, and 
cationic silicon compounds. Some suggestions on nomenclature are 
included also. 

The silicates 

The silicates may be divided roughly into soluble and insoluble mate¬ 
rials. The soluble silicates are derived only from the alkali metals 
and have compositions commonly expressed in terms of varying 
amounts of metal oxide, silica, and (usually) water.*** The insoluble 
silicates are the naturally occurring mineral materials, together with 
certain synthetic zeolite-like compounds useful as ion exchangers. 
The two series of materials bear but little formal relation to each other, 
although they are structurally similar. Much of the difficulty in 
systematizing the chemistry of the silicates is traceable to early 
attempts to consider them as derivatives of a series of polysilicic acids 
derived from the inter- and intramolecular dehydration of the equally 
hypothetical orthosilicic acid, HiSiOi. 

*«* J. F. Keggin and F. D. Milea: Nature, 137, 577 (1936). 

»** R. C. Merrill: J. Chem. Bducatiot^, 34, 262 (1947). 
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The Soluble Silicates. Commonest of these are the sodium com¬ 
pounds, obtained most generally by fusion in varying proportions of 
silica sand with sodium carbonate at around 1300*C. Products in 
which the silica-to-alkali weight ratio is around 2 are water soluble, 
whereas those in which this ratio is above 2.5 must be dissolved by 
steam under pressure. The resulting viscous aqueous solutions are 
often sold as such. A variety of crystalline compounds has been iso¬ 
lated and studied. Among these compounds are anhydrous NajSiOa 
(metasilicate), NaaSizO^ (disilicate), Na 4 Si 04 (orthosilicate), and 
XasSizOy (pyrosilicate) and the hydrates NazSiOj-nHiO (n = 5, 6, 
8 , 9), XazSi^Os-THzO, and NaaHSiOi-SHjO. The phase diagram for 
the NazO-SiOz system shows the anhydrous raeta and ortho compounds 
as congruent melting substances.*** Closely comparable potassium 
compounds have been described as well. Soluble silicates character¬ 
ized by silica-to-alkali ratios up to 2 dissolve to true solutions, but those 
with higher ratios give colloidal suspensions containing dispersed 
silica. Metal salt solutions are precipitated by soluble silicates, but 


the precipitates so obtained are commonly mixtures of silica, basic 
salts, and hydrous oxides or hydroxides rather than silicates. 

The Naturally Occurring Silicates. The naturally occurring silicates, 
when considered from the point of view of chemical composition alone, 
are an amazingly complex series of materials. Early attempts at 
systematization of these substances as based upon analytical composi¬ 
tions were notably unsuccessful, for the materials can be fit^d into 
no logical scheme of salts and are derived from no series of silicic acids. 
It is only since the application of x-ray crystallographic methods to the 
study of these materials***- **» that the sources of these difficulties have 
become apparent and that systematic classification has been shown to 

be possible only in terms of structural arrangements. 

The essential difficulties associated with silicate classification are 
these. Analytical data alone are insufficient since a given set of data 
for a material of such complexity may be consistent with a number o 
different molecular formulations. Furthermore the homogeneity of 

the sample in question may be in doubt, and the f 

particular formula based upon analysis alone may thus be entire y 
fortuitous. Another factor involves isomorphous replacement. Ions 
such as Mg^■^ Ca+', Fe+’, etc., may replace each other, and sirnibr 
"iclenl ’involving .M- and Fe-, Na* and K^ or OH- and F 


F. C. Kracek: J. Fhys. Chem.. 34. Cornell I’ni- 

.»w. L. Bragg; Atomic .Htrurtur, of Minerals, Ch. I\ Wl. Uorn 

''"a L Bon^. 2nd W.. pp. 38S-40O. Cornell 


University Press. Ithaca (1940). 
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may occur in almost endless variety. Such replacements involve no 
changes in oxidation states or general compositions, but they do impose 
analytical diflBculties. A more significant type of replacement, how¬ 
ever, is that of silicon by aluminum. This is possible because of size 
similarities (raiM = 0.50 A, Taim = 0.55 A) and is extremely common. 
Because of the difference in oxidation number, replacement of silicon 
by aluminum raises the anion oxidation state by one unit and requires 
the presence of either a balancing cation (e.g., Na'*') or a further iso- 
morphous replacement of one cation by another of higher positive 
charge (e.g., Na"*" by Ca"*^*). A further complication is introduced in 
such circumstances by the fact that whereas silicon is always 4-coor¬ 
dinate toward oxygen, aluminum may be either 4-coordinate or 6-coor¬ 
dinate. An A10« group would be the structural analog of an SIOa 
group, but an AlO« group would not. It is apparent, therefore, that 
the only logical classification of the silicates is that based upon 
structures. 


The silicates are in effect coordinate structures based upon large 
anions arranged about small cations. The dimensions of the lattice 
are in general controlled by the anions rather than the cations because 
of the larger sizes of the former. Most important are the Si^* and 
0“® ions.* In all silicates the basic structural unit is the Si 04 tetra¬ 
hedron. This appears to remain essentially unaltered regardless of 
the other materials present, the Si—0 and 0—0 bond distances 
remaining constant at 1.62 A and 2.7 A, respectively. For conven¬ 
ience such tetrahedra may be represented variously as 



*^^^*‘®P'^se«tation being self-explanatory and the other two being 
rahedra m viewed from above, with the central silicon designated as 
a aot. Linking of tetrahedra then occurs by the sharing of oxygens at 


According to such tetrahedral arrangements 
of aluminum for aiUcon), the following types of 
distinguished: 


(plus substitution 
structures can be 


FnacDi, out each Si—o Imk&ge is predominantly ionio in character. 


and 
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Discrete anions^ in which either individual tetrahedia are present 
(SiOr^ as in orthosilicates) or a limited number of tetrahedra are com¬ 
bined into ionic groups (SijOT"*, SijO»"*, Si*Oi8“**). 

Extended anionSy in which tetrahedra are linked into chains of indefinite 
length (SiOr*, Si 40 ir*) or into sheets of indeterminate area (SijOr*). 

Three-dimensional networks, in which tetrahedra are completely 
linked in all three directions (SiOj). 


Each of these may be discussed briefly. 

DISCRETE ANIONS. In the orthosilicates, individual SiO* tetrahedra 
are present, and there is no sharing of oxygen atoms between adjacent 
tetrahedra. However, the oxygens present are coordinated to the 
metal cations, and, because of the variety of fashions in which this can 
occur, a variety of orthosilicate structures can be distinguished. 
Among silicates of this type are olivine and related minerals, the 
chondrodites, phenacite, willemite, and zircon. Olivine, QMgsSiO*- 
FezSiO*, and its related compounds may be formulated as Mz“SiOi 
(M” = Mg, Fe, Mn, alone or mixed). In this structure each dip^i- 
tive metal (normally magnesium) is so arranged that it is surrounded 
octahedrally by six oxygens, each oxygen atom present being Unked. 
therefore, to one silicon and coordinated to three magnesiums. This 
type of structure is similar to that of magnesium hydroxide (brucite), 
and these two structures are combined m the chrondrodite miners , 

nME(OH. F)z, where sheets of the olivine structure are 
^ j u 1 ^ n( OH“ or F“ ions. These ions are then part of 

^roctehedrarirrangements around each magnesium ion. In phena¬ 
cite, Be^iO., and ^ 

MO “taher rsirn“ : r Lll ion is 8-eoordinate, 
bu?io“ gen atoms are at 2.05 A and four are at 2.4, A, show.ng 

that they are not alljd-val^t.^ 

beJteen sTo. tetahedra. The simplest example involves the jo.nmg 
of two tetrahedra as 
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to give the ion SiiOr"*. Such an arrangement is characteristic of 
thortveitite, SciSiiOv, and hemimorphite, Zn 4 ( 0 H) 2 Si 207 -H 20 . In 
thortveitite, each scandium ion is surrounded octahedrally by oxide 
ions, whereas in hemimorphite the crystal contains OH“ ions as well 
as SiiOj-® ions. The discrete anions Si,0,-* and Si,Oie-‘* involve 
cyclic arrangements of tetrahedra as 




The SiiO*^* group is characteristic of benitoite, BaTiSiiOj, and wol- 
lastonite, CaiSiiO*, whereas the Si80i$“'* group is found in beryl 
(emerald, aquamarine), Be2Al2Si60i8. In both the benitoite and beryl 
structures the rings are arranged in sheets (but not layer structures), 
with the metal ions between the sheets and binding them together. 
In benitoite the Ti+* and Ba'*'’ ions are 6-coordinate, but in beryl the 
Be^^* ions are 4-coordinate and the Al'*'’ ions 6-coordinate. In beryl 
the layers are so arranged that channels exist through the centers of 
superimposed hexagons, thus rendering beryl permeable to gases with 
small molecules (e.g., helium). 

EXTENDED ANIONS. The indefinite linking of SiO* tetrahedra into 

chains gives the composition (SiOi),,”*’' (metasilicate) where the 

chains are single and the composition (SitOn),"*" (metatetrasilicate) 

where the chains are double. These are characteristic, respectively, 

of the p3nroxenes and the amphiboles. In the pyroxenes, the single 
chains amount to 
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tsi 03 >:*" 


with each tetrahedron possessing two unshared oxygens. Examples 
are enstatite, MgSiOa, diopside, CaMg{SiOj) 2 , jadeite, NaAI(SiOj}j, 
and spodumene, LiAl(Si 03 ) 2 . The metal ions hold the parallel 
(Si 03 )„-“" chains together. In the amphiboles, two parallel chains 
are held together by shared oxygen atoms as 





Examples are tremolite. CHO).Ca,Mg>(Si.O..)„ and ‘he various r^a^ 
rials derived from tremolite by isomorphous replacement of either th 
metal ions or silicon. The metal ions again hold the chains together 
Tt is of interest that the structures of these minerals are related to the 
oa-se with which cleavage occurs between chains and to their hbrous 
natures. The asbestos minerals are amphiboles and the closely re a 

(».)■- “ 
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(SiaO,),-*" 


The repeating unit of SieOis rings is thus characteristic of each sheet. 
Three oxygen atoms in each SiO* tetrahedra are shared with other 
tetrahedra, one oxygen atom being unshared and behaving as if it 
possessed a free valency. Individual layers are bonded to each other 
by'electrostatic forces involving the cations present. These forces 
are small compared with the forces within each sheet and are exerted 
over much longer distances (ca. 20 A between sheets) so that minerals 
characterized by this type of arrangement are easily cleaved into thin 
sheets. The micas and clay minerals have this general structure. 

Unfortunately, the minerals of this group are often aluminosilicates 
rather than the simple silicates, and A10< tetrahedra are also important. 
The net result is that composite layers are built up of silicon-oxygen 
sheets combined with layers of hydroxyl groups bonded to the silicon- 
oxygen sheets by aluminum or magnesium ions. Pauling has sug- 
g^ted that such minerals are built up of superimposed layers of 
Si,Or* sheets, Mg(OH), (brucite), and Al(OH), (hydrargillite or 
gibbsite),*« each layer being somewhat modified by isomorphous 
replacement. Aluminum may thus replace a portion of the silicon, or 
tour atoms of aluminum may be replaced by six atoms of magnesium, 
thus talc, Mg,Si,0,iH,0, has layers of brucite between silicon- 
oxygen layers, whereas in pyrophillite, Al,Si*0„*H,0, where aluminum 
has replaced magnesium in talc, one-third of the poationa in the central 

*" L. PauUng; Proe, Natl. Acad. Set., 16, 123 (1030). 
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A 1 ( 0 H )3 layer are unfilled. The composite layers of talc and pyro- 
phillite are, respectively, 0 *Si 404 ( 0 H) 2 Mg 604 ( 0 H) 2 Si 406 and 0(81404- 
(0H)2Al404(0H)8Si40fl. Correspondingly, phlogopite, KMga(OH)r 
Si(A 10 io, and muscovite (mica), KAlj(OH) 2 SiaA 10 io, bear the same 
layer relationship to each other as Kj • • • 0(Si>A104(0H)2Mga04- 
( 0 H) 2 Si 3 AI 06 • • • Kg (phlogopite) and Kj • • • O(SiiA104(0H)2- 
Al404(0H)2SijA10e. These views may be regarded as logical 
extensions of Bragg’s concepts. The clay minerals*^* (kaolinites, 
montmorillonites, illites) have the same types of structures. 

THREE-DIMENSIONAL NETWORKS. Complete sharing of all oxygens 
in all tetrahedra gives three-dimensional networks. This type of 
structure is characteristic of the three forms of silica (pp. 691-692) 
and is also found in the felspars, zeolites, and ultramarines where many 
(ca. half) of the silicon atoms have been replaced by aluminum atoms. 
This isomorphous replacement gives negatively charged (Si,AI)Oj 
frameworks which require the presence of positive ions in the lattices. 
Inasmuch as the tetrahedral arrangements are preserved, the ratio of 


A1 + Si to 0 must always be 1:2. 

The felspars constitute some two-thirds of the igneous rocks. They 
are divided between two groups: (1) orthoclase, KAISisOs, and celsian, 
BaAljSigOg, and (2) the plagioclase felspars albite, NaAlSijOg, and 
anorthite, CaAIjSijOg. In orthoclase and albite one-fourth of the 
normal silicon positions are occupied by aluminum ions, whereas-in 
celsian and anorthite further replacements of silicon necessitate the 
presence of more highly charged cations. The essential differences 
between the two types of felspars stem from differences in ^he sizes 
of the cations (large K+ and Ba+» versus smaller Na+ and Ca+ ), 
which alter the symmetry but not the general arrangements. 

The zeolites are also made up of (Si,Al),Og„ networks, with balanc¬ 
ing cations, but unlike the felspars they have comparatively open 
structures which permit them to take up water rather loosely (pp. 
499-500) as well as gases, alcohol, or mercury.A further charac¬ 
teristic of these materials is their ability to exchange tbe.r cations for 
other cations on contact with salt solutions. These reversible exchan^ 
properties render the zeolites (and their synthetic analogs) useful ^ 
water softeners and for effecting ion separations. The zeoht^ are 
of three important types: (1) tetrahedra linked into four- and s.x- 
raembered rings which are joined together into a three-dimenstona 
network as in analcite, NaAlSigOg-HgO; (2) lamellar types consisting 
of closely knit sheets of tetrahedra and cleaving into plat^ m m 
heulahdite, Ca,Al 4 Sii 40 „ l2H,0: and (3) fibrous types in which chains 


»<• C. E. Marshall: Set. Progreta, 119, 422 (1936). 
»«• R. M. Barrcr; Ann. Report*, 41, 31 (1944). 
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can be distinguished as in natrolite, NatAljSi»Oio‘2HiO, or thomsonite, 
NaCazAlsSisOio-GHjO. The synthetic zeolites (e.g. “Permutit”) 
appear to be entirely similar in structures to the natural materials. 

The ultramarines are synthetically produced colored silicates. The 
mineral lapis lazuli and certain colorless minerals such as sodalite 
have closely related structures and may be considered with the ultra- 
marines. In addition to the (Si,Al)„Oi« frameworks characteristic 
of the three-dimensional silicates and balancing cations, these mate¬ 
rials also contain negative ions such as CI“, SOi”*, or S“*. Typical 
compositions are Na»Al^ieOt 4 Ss (ultramarine), Na^AleSieOtiCU (soda- 
lite); and NasAleSieOsiSOi (noselite). Structurally, these materials 
are basket-like, all '‘baskets” being joined to each other. The cations 
and anions are found in the various cavities in the networks. As with 
the zeolites, the cations are exchangeable,and the anions may also 
be exchanged. Variation of the cation content produces variation in 
color. The color of ultramarine is still a point for contention. It is 
destroyed when ultramarine is heated with sodium formate or chlorine, 
operations which increase and decrease, respectively, the alkali metal 
content. The sulfur content is also critical, and it appears that the 
sulfur is present as both sulhde and polysulfide. It seems likely that 
the polysulhde is in some fashion responsible for the color, but no 
positive statements can be made. Jaeger’s excellent summaries**®* **^ 
should be consulted for further information on the ultramarines. 

The entire glass, ceramic, and cement industries are based upon 
silicate chemistry. In addition, the metallurgical industries are con¬ 
cerned with it not only because many minerals are themselves silicates 
but also because of the presence of silicates in practically all slags. 
The silicates are by far the most important of the silicon compounds. 

Organic chemistry of silicon 

The organic chemistry of silicon is based upon the classic researches 
of Frederick S. Kipping as described in a series of fifty-odd papers 
apirearing chiefly in the Journal of the Chemical Society over the 
period 1901-1944. Advances in recent years have been particularly 
rapid, and the literature on this phase of silicon chemistry has grown 
tremendously.*”. *» Much of this interest has been stimulated by 

*** F. M. Ja^er: Trans. Faraday Soe., 26, 320 (1929) 

Measuremenis, Pt. HI. 

pp. 403-441. McGraw-HiU Book Co., New York (1930) 

John wut New"mir 

PuH^Lr-cT”: NetToA (W49)“" 
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development of the silicones as industrial products of unusual and 
highly desirable properties. 

It is beyond the scope of this book to treat the organic chemistry 
of silicon in detail, but a brief consideration of the silicones is in order 
because these materials may be regarded as being both inorganic 
and organic in character. The silicones are polymeric organosilicon 
compounds containing silicon-oxygen-silicon linkages.^®^* *** They 
are derived from siloxane, HjSi—0—SiH), and may be regarded as 
being built up of substituted siloxane groups. The silicones may be 
linear polymers of the type 

R R R R 

0 0 0 

\ / \ / \ / \ 

Si Si Si 

I I I 

R R R R 

or they may be cross-linked polymers of the types 


0 

/ \ etc. 

1 


R R R 

0 0 0 

\ / \ / \ / \ 

Si Si Si 


and 


0 0 
^ V 
i i 


R 6 R 

0 I 0 

V V 

R (!) R 

R R 

0 0 

V V i"' 

R (!) R 


The amount of cross-linking, aa well as the nature of the R group, 
determines the properties of the polymer. Materials ranging from 
oils which remain fluid at very low temperatures to rubber-like solids 
are known. Properties generally characteristic of the silicones are 
water-repellent character, high dielectric strength, resistance to oxida¬ 
tion and thermal decomposition, and resistance to attack by many 
organic reagents. The silicones are obtained by the hydrolysis of 
alkyl or aryl chlorosilanes (p. 676), followed by dehydration of the 

resultant ol compounds, e.g., as 

HtO — HfO 

(CHi)tSiCIj-► (CHi)jSi(OH)* —»[(CHi)jSiOI, 


E. G. Rochow: Ckem. Eng. New$, 23, 612 (1946). 

»• D. V. N. Hardy and N. J. L. Megson: Quart. Rn$., 2, 25 (1948). 
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Cationic silicon compounds 


Ions containing silicon are almost uniformly negatively charged. 
It is of interest to speculate as to the existence of cationic species con¬ 
taining silicon. Simple cations are ruled out as previously indicated 
(p. 663), but complex species may exist. Although silicon has but 
little tendency to complex in this fashion, it does combine with acetyl- 
acetone (and perhaps other ^-diketones). Since the coordination 
number of silicon is six, three acetylacetone molecules react, but 
because the oxidation number of silicon is positive four, one positive 
charge remains unneutralized. This must of necessity be satisfied by 
an ionic group outside the coordination sphere. A number of salt- 
tike compounds, among them the tetrachloraurateflll) of composition 



have been described.It appears that other such compounds may 
exist also. 


Nomenclature of silicon compounds 

The increasingly large number of complicated silicon compounds 
has produced a number of confusing and not necessarily logical systems 
of nomenclature. The situation is not particularly complex with 
regard to inorganic compounds, but it is involved with organic deriva¬ 
tives. Systematic recommendations**^- **“ should do much to clarify 


TABLE 1616 


Material 

Name 

Material 

8iH« 

silane 

H*Si—0—SiH, 

SiiH« 

disilaoe 

H,Si—0—SiH,— 

SiiH| 

trisilane 

H,Si—O— 

SiHi— 

silyl radical 

H»Si—NH— 

SiH»= 

sUylene radical 

H^=0 

SiHa 

silylidyne radical 

SiH,OH 

Si,H»— 

disilanyl radical 

SiH,X 

SijHi— 

trisilanyl radical 

SiHtXi 

Si(OR)« 

tetra-alkyl(aryl) silicate 

SiHX, 


«• W. DUthey: Ber., 36, 923, 1595 (1903). * 

R. 0. Sauer: J. Chem. Education, 21, 303 (1944). 
•“ E. J. Crane: Chem. Eng. New, 24, 1233 (1946). 


Name 

siloxane 

disiloxanyl radical 
siloxy radical 
ailylamino radical 
oxosilane 
silanol 
kalosilane 
dihaloailane 
trihalosilane 
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the matter. Items particularly useful to the inorganic chemist are 
summarized in Table 16-16. These conventions have been employed 
in previous sections of this chapter. 

POLYANIONIC COMPOUNDS OF THE GROUP IVb ELEMENTS 

The polysulfides, and to a lesser extent the polyselenides and poly- 
tellurides, have been described in Chapter 14 (pp. 516-518). Com¬ 
parable series of compounds M»^Z„ (M^ = Na; Z = As, Sb, Bi; n = 3, 
5, 7) are known for the heavier members of the nitrogen family. In 
the carbon family, the compounds NsiSns, NaiPb?, and Na 4 Pb 9 have 
been described.*®*"*** These materials are salt-like, rather than 
alloy-like, and contain polyanions. Since all components of the 
anions are the same, the term homoatomic anions is sometimes used. 
It is important that a few words be devoted to these substances 
because they are essential intermediates between true valency com¬ 
pounds and intermediate phases. The metals of Groups Illb, Ilb, 
etc., form only intermediate phases. These relations are shown in 
Table 1617.*** 


Group Ib 


Na—Au 


TABLE 16-17 

Intermediate Phases vs. Poltanions 
Group lib Group Illb Group IVb Groub Vb 


Na—Zn 
Na—Cd 
Na—Hg 


Na—T1 


NatSnt 

Na^Pb, 

N84Pb» 


NaiA6t.».r 

NaiSbi.r 

NaiBii.i 


Group VIb 
NajS»_T 
NatSej-4 
NajTei_4 


Intermediate Phases 


Polyanions 


Inasmuch as the major experimental work has dealt with the poly¬ 
anionic lead compounds, these are discussed in detail. However, what 
is said about the lead materials may be transferred, with some neces¬ 
sary modifications, to the tin, bismuth, antimony, etc., compounds 
as well. Although early observations*** of the solubility of elemental 
lead in solutions of sodium in liquid ammonia were believed to indicate 
polyplumbide formation, this view was actually confirmed by electro¬ 
metric titration of liquid ammonia solutions of lead(II) iodide with 
sodium.*** The compounds Na 4 pbfl and Na^Pb? are “soluble in 
liquid ammonia to give highly colored “solutions.” Electrolysis of 
such “solutions” liberates sodium at the cathode. At the anode the 

E. Zintl, J. Goubeau, and W. Dullenkopf: Z. phy$ik. Chem., AIM, I (1931). 

E. Zintl and A. Harder: Z. pkytik. Chem., Al^ 47 (1931). 

*•» E Zintl and H. Itaiser: Z. anorg. allgem. Chem., 211, 113 (1933). 

*•* A.’ Joannis: Compt. rend., 114, 585 (1892); Ann. ehim. (8), 7, 5 (1906). 
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ion [Pb:]-* is oxidized to the ion lPb9l"*, which in turn deposits lead. 
Treatment of such “solutions” with lead salts effects aggregation as 

[Pbi]-* 4- 2Pb+* -» 9Pb 
[Pb,]-* 4-2Pb+>-» llPb 

Evaporation yields ammoniated products, e.g., (Na(NHj),l4(Pb9l, 
which lose ammonia to give the polyplumbides as pyrophoric products. 
Ammonia “solutions” appear to contain the anions (Pb?)”^ and 
[Pb#]"*, but these are so large as to be colloidal in character. ZintP^* 
regards the species as (PbfPb)#]'* and (PbCPb)8l“* and thus assigns 
coordination numbers of six and eight to the plumbide ion. 

Homoatomic lead materials are obtained by action of solutions of 
sodium in liquid ammonia upon lead or soluble lead salts. For pre¬ 
parative purposes, however, it is better to extract these materials 
from lead-sodium alloys with liquid ammonia. When the lead to 
sodium ratio is less than 9:4 both the compounds NaiPb* and Xa4Pb7 
are extracted; when it exceeds 9:4, only the compound Xa 4 Pbj is 
extracted, and lead remains behind. 

SUGGESTED SUPPLEMENTARY REFERENCES 

N. V. Sidgwick: The Chemical BlemerUe and Their Compoimde, pp. 488-627. 
OareodoD Press, Oxford (1950). 

W. M. Latimer: The Oxidalion SUiiee of the Elemenie and Their Folenliale in Aqueous 
SoltUions, pp. 117-146. Prentice-Hall, New York (1938). 

A. F. Wells: Structural Inorganic Chemistry, 2nd Ed.. Ch. XVII, XVIII, XIX. 
C^endon Press, Oxford (1950). 
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Periodic Group Illb 
The Boron Family 

Boron and aluminum are usually considered familiar elements and 
gallium, indium, and thallium unfamiliar, although only aluminum 
is particularly abundant in nature (B, 3 X 10"^%; Al, 8.13%; Ga, 
1.5 X 1(1"®%; In, 1 X 10-“%; Tl, 10"* - 10”“% of the crust of the 
earth). Aluminum is, of course, the most abundant of all the metals 
and the third most abundant of all the elements. The comparative 
scarcity of boron may be due in part to the ease with which the nuclei 
of its atoms are transmuted by natural bombardment processes. 
Boron is well known, however, because of the existence of concentrated 
deposits of its compounds, particularly in arid regions such as the 
southwestern part of the United States, and because of the desirable 
properties of many of its compounds which have necessitated large- 
scale recovery of boron materials. Gallium, indium, and thallium are 
never found in concentrated deposits, and until recently they were 
never recovered in sizable quantities. Recent interest in some of 
their unusual properties will undoubtedly make their chemistries 
more familiar, but large-scale production of the metals and their 
compounds and nominal prices probably cannot be expected. 

The general trends in properties noted in the nitrogen and carbon 
families also characterize the boron family, but approach to the elec¬ 
tronic configurations of the purely metallic elements produce some 
significant differences. Small size and high concentration of nuclear 
charge give boron strictly non-metallic characteristics. The other 
elements of the family are all metals, with aluminum being particu¬ 
larly highly electropositive in nature. Thus between boron and 
aluminum there is a discontinuity in properties which is without 
parallel in the families discussed thus far. The chemistries of ^umi- 
num, gallium, indium, and thallium are closely related. Boron 
chemistry resembles silicon chemistry more closely than the chemistries 

of the other members of its own family. 

734 



Ch. 17 Family Relationships among the Elements 735 

FAMILY BELATIONSHIPS AMONG THE ELEMENTS 

Numerical properties characterizing the members of the boron 
family are summarized in Table 17T. Increases in atomic weight 

TABLE 17-1 




81 

6«*6p> 


17.25 


1457 



0.05 


0.34 -0.719 


• Cryfitalline. f Amorphoua. 

I 

and number are paralleled by increases in density, atomic volume, and 
atomic and ionic sizes. The melting point of boron is extremely high, 
indicating very strong bonding between individual atoms in the solid 
state. The metallic lattices of the other elements are much more 
readily ruptured, and melting points are significantly lower. The 
very low value noted for gallium is most unusual, although the api>ear- 
ance of a minimum in the family is not unique (e.g., Table 16*1). 
The structures of solid gallium, indium, and thallium are apparently 
particularly weak. Boiling points are generally high and decrease in 
general with increasing atomic weight. Except for boron, the ele¬ 
ments of this family are characterized by long liquid ranges. This 
property is most pronounced with gallium. In fact, no other element 
has as long a useful liquid range. Ionization potential values are high, 
but the removal of only one electron requires less energy for any ele¬ 
ment in this family than for its neighboring elements (p. 155). The 
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highly electropositive natures of all the elements (except thallium) 
must be due in large measure to high energies of hydration of the 
gaseous ions. 

Inasmuch as the outer electronic arrangements in the atoms of these 
elements contain three more electrons than the stable inert gas (with 
B, Al) or pseudo-inert gas (with Ga, In, Tl) structures, a uniform +3 
oxidation state is expected. This state is characteristic of all the ele¬ 
ments. As indicated by the potential data in Table 17-1, tendencies 
to enter this state decrease from aluminum to thallium. The +3 
state is a strictly covalent oxidation state with boron and is largely 
covalent with the other elements as well. Tripositive cations are 
known in aqueous solutions for all the elements except boron, but such 
species are normally highly complexed (by water, etc.) and extensively 
hydrolyzed. 

The electronic arrangements nship^ also suggest +1 oxidation states. 
This state is well known with thallium where oxidation potential data 
(Table 17 2) indicate it to be quite generally more stable in aqueous 


TABLE 17-2 

Relations among the Oxidation States of the Group Ills Ei.e.ments 


Couple 

Equation 

volts 

Ga(0)-Ga(II) 

Ga Ga*» -f- 2e- 

ca. 0.45 

Ga(II)-Ga(III) 

Ga^’^Ga** + «* 

ca. 0.05 

In(0)-In(I) 

In ;=:In* + f 

ra. 0 25 


In + Cl“^ InCl + e- 

0.34 

InCI)-In(II) 

In*=iln*» +<- 

ra. 0.35 

In(II)-In(in) 

In** + e- 

ca. 0.45 

TI(0)-T1(I) 

Tl^Tl- +e' 

0.3363 


Tl +0H'^TlOH(s) +c- 

0.3445 


T1 + Cl- ^ TICI + c- 

0.557 


T1 + Br- TlBr + e" 

0 058 


Tl +I-;=;TII +<- 

0 705 


2TI + S-* T1,S + 2e- 

1.04 

T1(I)-T1(III) 

Tl* Tl** + 2e- 

-1.25 


T10H{8) + 20H“ ^ Tl(OH)i -f- 2e' 

0.05 


Tia ^ Tl** + Cl" + 2<- 

-1.36 


systems than the -f-3 state. A few unipositive indium compounds 
(mostly halides) are known in the solid state, and a unipositive gal¬ 
lium sulfide has been reported. Reductions of aluminum(IIlJ 
halides, sulfide, and selenide with aluminum at elevated temperatures 
yield unstable unipositive compounds.* * Anodic oxidations ot 

1 W Wemm and E. Voss: Z. anorg. ailgem. Chem., 251, 233 (1943). 

» W. Klemm, K. Oieraberger, B. Schaeler, and H. Mindt: Z. anorg. Chom., 265, 

W.^Memm, E. Voss, and K. Geiersberger; Z. an^g^ Chem., 

«L. M. FoaUr. A. 8. Russell, and C. N. (Tehran: J. Am. Chem. Soe., 72, 2580 

(1950). 
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aluminum, gallium, indium, and thallium in acetic acid solutions 
indicate clearly the formation of unipositive species.* Theoretical 
evaluation of heats of formation for the halides of unipositive alumi¬ 
num® indicates that these compounds are only slightly les.s .stable tlnui 
the corresponding trihalides in the solid state, but somewhat less 
stable in the gaseous state. For boron, however, there are no evi¬ 
dences for a +1 state. Stability of the +1 state increases regu¬ 
larly with increasing atomic weight, the influence of the inert pair 
(p. 177) thus becoming increasingly important with the heavier ele¬ 
ments. The situation parallels those discussed for the Group IVb 
(p. GG4) and Group Vb (p. 558) elements. Only for thallium are the 
unipositive compounds stable in contact with aqueous media. For the 
other elements, stability is achieved by disproportionation as 

3M+ M+® + 2M 


For thallium, stabilization of the +1 state through insolubility 
(Table 17*2) bears much resemblance to the situation characterizing 
silver (p. 304). 

In terms of electronic configurations, existence of a +2 oxidation 
state seems most unlikely. No real evidence for such a stale has hccii 
offered for boron or aluminum, and theoretical calculations* show that 
any aluminum(II) halides would be more unstable thermally than 
either the corresponding aluminum(I) or aluminum{III) compounds 
For gallium, however, solid halides, a sulfide, and an oxide of the 
requisite stoichiometry have been prepared. These might well be 
regarded as appropriate mixtures of unipositive and tripositive gallium 
compounds, particularly since at least the chloride is diamagnetic,* 
were it not for the fact that vapor density studies on the chloride show 
the existence of considerable numbers of GaCIj molecules along with 
some polymeric species.® These observations are incompatible and 
indicate the necessity for additional fundamental study The possi¬ 
bility of gaUium-gallium linkages cannot be overlooked. ' With indium, 

the apparently +2 halides have properties not inconsistent with formu¬ 
lation as In'lIn^'Xd. The same situation pertains with thallium 

Only boron is sufficiently electronegaUve to show any tcndcncio.s 

toward a negative oxidation state. In the borides of the most higlilv 

^ectropositive elements, boron presumably exists in the -3 state 

However few borides have structures entirely consistent with this 
simple situation (pp. 769-773). 


I A. \V. David^n and F. JLrik: /. Am. Chem. Soc., 72, 1700 (1950). 

Irmann: Hdv. Ckxm. Adc^ 3S/1449 (1950). 

A. W. Uubengayer and F. B. Schirmcr: /. CA^. Sor.. 62, 1578 (1940) 
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MODIFICATIONS OF THE FREE ELEMENTS 

Unlike many of the elements discussed in preceding chapters, the 
elements of Group Illb do not exist in a variety of modifications. 
Little information is available about the gaseous state, but, in the 
light of the'general properties of the individual elements of the family, 
it seems highly unlikely that marked molecular complexity is char¬ 
acteristic of any of the elements, except possibly boron. Data are 
also tacking for the liquid state. In the solid state, boron apparently 
exists in both amorphous and crystalline forms. The other elements 
are crystalline, but polymorphism is well established only with 
thallium. 

So-called amorphous boron was first obtained by ^loissan^ by reduc¬ 
tion of boric oxide with magnesium in a thermite-type reaction. I his 
is the best preparational procedure at the present time,'® allhoiigh 
electrolysis of fused oxide and borate baths'^ also gives amorphous 
products, as do thermal reductions of fluoborates (pp. 700-703) with 
alkali metals or magnesium. Pure amorphous boron has not been 
obtained, but vigorous treatment of the products of magnesium reduc¬ 
tion with alkali, hydrochloric acid, and hydrofluoric acid, folIo\\ed by 
fusion with boric oxide, has given purities as high as 98.3%.’ Com¬ 
plete removal of magnesium has not been effected, and traces of oxygen 
apparently always remain. The final product is a dark-colored powder 
which is largely amorphous to x-rays but which apparently contains 
small quantities of crystalline boron as well as borides and ox.dcs 

Fusion of amorphous boron, followed by crystallization, or reduction 
of boron tribrumide or trichloride vapors with hydrogen m an elcc r.c 
arc'® or in contact with an electrically heated filament- yields crystal¬ 
line boron. With boron tribromide as starting n^^teriab reduction on 
tungsten or tantalum filaments at temperatures of 1300 C. or abo^e 
has yielded crystals of pure boron.- Crysta hne ^oron .s a bla k 

material which is characterised by extreme ^ 

scale, between silicon carbide, 9.15, and boron carbide, 9.32), opacity, 

^ 20Q flOlDl 10^ (1013). 

'- 1 .. . - 

i» A. \V. U'uibencaycr, D. i. Hord, A. l.- . 

Chem. Soc.. 66, 11)21 (19-13). 
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metallic luster, and rather poor electrical conductivity. Conductivity 
increases with increa.sing temperature, but the change between 20® 
and C00®C. is actually only about a hundredfold,'^ as oppo.scd to the 
millionfold increase usually indicated.*® Both needle-like and hexag¬ 
onal plate-like crystals are obtained, but it appears that both are 
monoclinic and not fundamentally different from each other in struc¬ 
ture.'^ The complete structure of the material has not been deter¬ 
mined. However, it appears that each boron atom has six nearest 
neighbors at an average distance of 1.89 A.'* 

Pure crystalline boron is not to be confused with the “crystalline 
boron” obtained by aluminothcrmic reduction of boric oxide in the 
presence of sulfur. This material is a metallic, lustrous solid, which 
was regarded by early workers as elemental boron. It is actually a 
boride of stoichiometric composition AlBu.*^- '* 


CHEMICAL CHARACTERISTICS OF THE ELE.MENTS 

The more important aspects of the chem'cal behaviors of the ele¬ 
ments in this family are summarized in Table 17-3. Trends in prop- 


TABLE 

Chemical. Charactkristics 
Gcnerftl Equation* 

2M 2M\', 

4M + 30,-» 2M,0, 

2.\I +3S-* MjS, 

2M + N, — 2M\ 

2M + 6H*-. 2M** + 3H, 

2M + 2011- + 2ir,0- 2MOr + 3H: 
nM -f- M'- MM, 


* M = B, Al, Ga, In, or Tl. 


17 3 

OF (iHori* Illn Ei.emknts 

Uciimrks 

Willi liulogi'iis. Tl gives TlX also. 

.-\t elcvfitecl tcinperaturos. Tl gives 
Tl.O. 

At olcvatoil temperature. Al.'W) with 
Se, Te. Tl gives TbS. 

With H, .\l at elevated tf'mperatures. 
Willi .M, Ga, 111 . Tl gives Tl*. 

With .M, Ga. B gives 
With B only. 


erties arc strictly comparable with those noted for the Group IVb 
dements (p. 670). The reactions of boron are those of a non- 
metal and are, therefore, markedly different from those of the oti.er 
element m several respects. Thus, boron is resistant to attack by 
non-oxid.smg acids, even though the potential for conversion of the 
element into boric acid is favorable (Table 171). Boron reacts wiili 

unreactive. It is also more susceptible to attack bv alkaline 

E. Wsirca: J. Ch„n. Pkys.. 18, 1121 (1950) 

"L. Wohler: Ann., 141, 208 (1867). 

** W. Ilampc; Arm., isj, 75 (1876). 
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reagents. The nature of the boron preparation used has a profound 
effect upon its reactivity. The crystalline material is notably inert 
even to concentrated nitric acid, hot concentrated sulfuric acid, 
chromic acid, caustic alkali, or oxygen at elevated temperatures. 
Amorphous boron, on the other hand, reacts fairly readily with these 
reagents. Particle size is undoubtedly a factor of some importance 
in accounting for these differences. 

The observed chemical reactivity of aluminum is commonly less 
than that indicated by potential data because of the ready formation 
of adherent and unreactive oxide films. Aluminum is essentially pas¬ 
sive toward concentrated nitric acid for this reason. Its permanence 
in air even at elevated temperatures is due to the same effect. How¬ 
ever. the ready solubility of the oxide in hydrochloric acid or in excess 
hydroxyl ion promotes rapid reaction in the presence of the.se reagents. 
Oxide coatings do not adhere to amalgamated aluminum surfaces. 
Amalgamated aluminum is thus oxidized rapidly at room tempera¬ 
tures by atmospheric oxygen, water, etc. The other metals in the 
family react slowly at ordinary temperatures. 


PREPARATION AND PRODUCTION OF THE FREE ELEMENTS 


Amorphous boron is produced in small quantities by magnesium 
reduction (p. 738) for use in preparation of impact resistant alloy steels 
and other special-purpose alloys. The crystalline form is not pro¬ 
duced technically. 

Aluminum is obtained universally by electrolysis of the purified 
oxide dissolved in a mixture of fused sodium, calcium, and aluminum 
fluorides at temperatures of the order of 875® to 950°C., using carbon 
anodes and carbon-lined vessels as cathodes (Hail and Hdroult proc- 
e.s.se.s.)** This process is complicated by the need for pure (especially 
iron-free) aluminum oxide. Treatment of natural bauxites with 
cau.stic soda, followed by hydrolytic precipitation of the hydrous 
hydroxide from the resulting aluminate solution (Haver process), 
requires low-silica (< 7% SiOi) ores because of aluminum losse.s due 
to formation of an insoluble sodium aluminum silicate in the initial 
reaction.Alumina recovery from the red muds remaining after 
digestion with alkali is effected by sintering with sodium and calcium 
carbonates and extracting sodium aluminate with water.’"*" Prior 


n J. D. KilwarJs, F. C. Fmry. mid Z. Jc-ITri.-a: Thr Aluminutn Induslry. Vol. /. 
Aluminiim and Us Produrtinn. Hook Co., New York (l‘J30). 

*® Anon.: Chfm. Eng. AVirs, 23, 41 (104.5). 

*« F. C. Frary: Chem. Eng. S'fu-s, 23, 1324 (1015). 

»* R. F. Gould: Ind. Eng. Chem., 37, 797 (1945). 
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to the second World War, recovery of alumina from clay was too 
costly to be economically feasible. War-instigated projects, however, 
showed that ammonium hydrogen sulfate fusion, hydrochloric acid 
treatment, sulfur dioxide treatment, and fusion with calcium carbonate 
can all be used to decompose clays and render aluminum recoverable 
ultimately as the oxide.**"** It appears that, except under wartime 
economy or with depletion of bauxite reserves, clay cannot serve as a 
competitive source of alumina. 

Preparation of aluminum metal by other means is difRcult and often 
costly. Electrodeposition from aqueous media is impossible because 
of preferential hydrogen discharge. Although electrodeposition from 
solutions of aluminum compounds in various non-aqueous solvents is 
feasible, experimental and cost difficulties have proved insurmountable 
thus far. Thermal reduction of the anhydrous chloride or double 
sodium chloride with sodium, although of historical importance, is not 
competitive. Carbothermic reduction of the oxide normally yields 
the carbide, although some success has been reported for a German 
process employing a centrifugal furnace.** ** Hydrogen is not effec¬ 
tive as a reducing agent. 

Gallium, indium, and thallium are readily obtained as metals by 
thermal reduction procedures involving carbon or hydrogen or by 
electrodeposition. Difficulties with these elements embrace the pro¬ 
duction of concentrates from low-grade ores rather than the ultimate 
reduction procedures. 


COMPOUNDS OF THE GROUP Illb ELEMENTS 

As already indicated, the compounds of boron have properties 
which are materially different from those of aluminum and the other 
elements in this family. Tripositive aluminum, gallium, indium, and 
thallium give compounds which are generally similar in characteristics, 
the trends in properties being the same as those distinguishable among 
compounds of the Group IVb (pp. 671-696) or Group Ilb (pp. 852-867) 
elements. It seems reasonable to point out a number of family rela¬ 
tions among the compounds in general ancj then to discuss several of 
the distinguishing special phases of boron chemistry. No attempt is 
made to cover the entire family completely or comprehensively. 

*• F. C. Prary: Chem. Eng. Newt, 21, 2018 (1943). 

*« J. R. Callahan: Chan. Met. Eng., 52, (No. 12), 108 (1945) 

.in 291, 617 (1946); 26, 159 (1948). 

0. I^dhch, C. C. March, M. F. Adams, F. H. Sharp, E. K. Holt. 

Taylor: Ind. Eng. Chem., 38, 1181 (1946). 

"Anon.: Chem. Eng. Nev>», 26, 929, 1590 (1947). 

**T. P. Hignctt: Ind. Eng. Chem., 39, 1052 (1947). 


and J. E. 


C/i. 17 


^ The Roron Family 

Catenation among the Group lllh elements 

Except in a few boron compounds, catenation is probably non¬ 
existent among the members of this family in the sense that it is encoun¬ 
tered among the more non-metallic elements of the oxygen, nitrogen, 
and carbon families. Simple electron pair bonds between like atoms 
characterize boron halides of the type BjXi (p. 749), a few oxy- 
boron compounds (pp. 753, 812-816), and probably certain of the 
linkages in the boron hydrides (pp. 793-795). However, among the 
hydrides, which are formal analogs of well-known catenated com¬ 
pounds of other elements, electron deficiency precludes existence of 
complete series of electron pair bonds and requires the existence of 
hydrogen bridges (pp. 789-793). Similar situations characterize the 
aluminum and gallium hydrides. No data are available for the 
cncrgie.s of B—B bonds or similar bonds for the other members of the 
family. Catenation is not a characteristic or important property of 
these elements. 


Electron-deficient compoun€ls 

Electron-deficient compounds are more characteristic of the ele¬ 
ments of this family than of those of any other family because each 
Group Illb atom possesses but three valence electrons but has a 
tendency to be 4-covalent. This does not produce electron deficiency 
in all types of compounds, since strong donor groups can impart 
4-covaIence by formation of coordinate linkages (pp. 759-768). How¬ 
ever, in the hydrides and certain of their derivatives, the compositions 
of the only preparable compounds require electron-deficient bonding. 
Thus no simple hydrides of the expected composition MHj (M = B, 
Al, Ga) have been prepared. Instead, dimers, such as B 2 H 8 (pp. 
773-774) and GaiHe,”- or polymers, such os (AIHs),,’* are obtained 
as the simplest compounds. Similarly, among the higher hydrides 
(e g BJIio) or among alkyl compounds such as (AIRds (R = CH|, 
CdU, n-C^H,), B^H^R., B^H^Ra. Al.Ha(Cll 3 )„>' and 

Ga:H 2 (CH 3 ) 4 ” complete electron pair bonding in the usual sense is 
impossible On the other hand, formally similar halogen compounds 
such as AbX* or Al 2 (CH 3 )«X 2 (X = Cl. Br) are dilTerent in that 
halogen bridges (p. 272) are present** as 


*• E Wiberg and T. Johnnnsen: Nalurwissfnscha/len, 29 , 320 (1941). 

*9 E. Wiberg and T. Johannacn: Die Chemie, 66, 38 (1912). 

»‘0. Stecher and E. Wiberg: Brr., 76B, 2003 (1942). oofl-r/inin 

>*L. 0. Brockwuy and N. R. Davidson: J. yl»n. Chem. Sor.. 63 , 3287 (1941) 
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XXX 

\ / \ / 

A1 A1 and 

/ ^ / \ 

XXX 


CH, X CH, 

\ / \ / 

A1 AI 

/ V / ^. 

CH, X CH, 


Bridge structures involving coordinate oxygen to aluminum linkages 
undoubtedly explain similar associations among the aluminum alkox- 
ides, lAl(OR),]..” 

The structures of the electron-deficient hydrides and their deriva¬ 
tives are considered in a later section of this chapter (pp. 787-795). 
The aluminum alkyls present problems which are somewhat dilTerent. 
These compounds are liquids at ordinary temperatures but arc readily 
vaporized. Existence of dimeric molecular species is well established 
by vapor density measurements’* and cryoscopic studies in ethylene 
dibromide’^ and benzene.*® Extent of dimerization decreases from 
complete for the methyl compound through the ethyl and n-propyl 
compounds to nil for the isopropyl compound.*® Early electron dif¬ 
fraction studies**- ** on the dimeric trimethyl compound suggested an 
ethane-like structure comparable to that for hexamethyl disilane, with 
A1—A1 and Al—C bond distances of 2.02 A and 2.05 A, respectively, 
and an Al—Al—C bond angle of 105 ± 10®. However, the covalent 
radius of aluminum would predict an Al—Al bond distance of 2.490 A, 
assuming electron pair bonding, and a somewhat longer bond might 
be expected for an electron-deficient structure. Such an arrangement 
seems improbable. Electron diffraction data are not consistent with 
a carbon bridge structure. On the other hand, Raman data suggest 
a bridged structure of some type.*® Burawoy*» resolves the diffieully 
in terms of the arrangement 


H 

CH, C- 

\ /H 

Al 

/ 

CH, H 


H CH, 

Al 

■C CH, 

H 


*• H. Ulich and W. NespiUl: Z. physik. Chem., A186, 294 (1933) 

A. W. Uubengayer and W. F. Gilliam: J. Am. CUm. Soc.. M, 477 (1941). 
b, Louise and L. Uoux: Compt. rend., 107, 600 (1888). 

V M P <^to'V8ky: J. Am. Chem. Soc., 68, 2204 (1946). 


*« K. W. F. Kohlrausch and J. Wagner: Z. physik. Chem., 
A. Burawoy: Xafure, 166, 269 (1945). 


62B, 185 (1942). 
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for which calculated bond distances are in reasonable agreement with 
measured values. Longuet-Higgins/® on the other hand, prefers a 
‘'methylated double bond” comparable in character to Pitzer's “pro- 
tonated double bond” in boron hydride structures'^ (pp. 790-795). 
Pitzer and Gutowsky,“ however, believe all published data to be 
explained best in terms of polar attractions betw’een positive aluminum 
atoms and negative alpha carbon atoms. This view is consistent with 
decreasing tendencies toward dimerization with increasing complexity 
of the alkyl group (see above) and derives added support from the 
fact that, whereas alkyls of all elements more electropositive than 
aluminum are highly polymeric, those of less electropositive elements 
are monomeric.®® Thus analogous boron, gallium, and indium com¬ 
pounds are monomeric. The mi.xed alkyl hydrides of boron, alumi¬ 
num, and gallium probably have structures comparable to those of 
the hydrides, since at least two hydrogen atoms per molecule are 
always present. 

Halides 

All the Group Illb elements form halides of the type MXj. In addi¬ 
tion, boron gives peculiar lower halides of the type B 2 X 4 (X = Cl, Br, 
I), and the heavier elements form compounds of stoichiometric composi¬ 
tions MX and MXj. Of these lower valent material.s, only the 
thallium(I) compounds are important. The major portion of the 
current discussion is limited to the trihalides, some of the physical 
constants for which are summarized in Table 17.4. A few mixed 
halides, e.g., BBrjI (b.p. 125^*0.) and BBrl, (b.p. 180"C.), have 
been reported also, and boron forms a few pseudo-halides (p. 475). 
The marked differences in properties noted between the boron com¬ 
pounds and those of the heavier elements suggest separate discussions. 

Boron Trihalides (BX 3 ). The physical properties of the boron 
trihalides are those of essentially covalent compounds. As in many 
materials of this type, volatility decreases with increasing molecular 
weight. Vapor density studies show boron trifluoride to be mono¬ 
meric to temperatures as low as -75®C.“ Boron trichloride and 
tribromide also have normal vapor densities, and the latter compound 
gives a normal cryoscopic molecular weight in benzene.** Absence 
of polymerization may be assumed logically for the iodide. Electron 

II. C. Ix>ni?uet-IUggins: J. Chevx. Soc., 1946, 139. 

•» K. a. Pitzer: J. Am. Chem. Soc., 67, 1126 (1915). 

o \V. Fisrher uti4 W. Z. anorg. allgcm. Chem., 213, 106 (1933). 

o A Stock :intl K. Kusw: Her., 47, 3113 (1914). 
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TABLE 17*4 


Physical PRorKRTiEs of Crowf IIIb Trihamues 


Compound 

Melting Point, 
“C. 

Boiling 
Point, ^C. 

Heat of 
Formation, 
kcal./mole 

Equivalent Con¬ 
ductance of 
Liquid at m.p., 
ohm-» X 10» 

1. Fluorides 





BF, 

-127.1 

-101 

258 1 


AlFi 

12S0 

1291 (subl.) 



GaFi 

950 (subi.) 




InF, 

1170 

1200 



TIF, 

550 




2. Chlorides 





Ba, 

-107 

12.5 



Aia,* 

192.6(1700mm.) 

180 (subl.) 

167 

> 

GaClt 

77.9 

801.3 


0.1 

InCli 

586 

Bubl. 


14.7 

TlQi 

25(?) 

subl. 



3. Bromides 





BBri 

-46 

00.8 


« 

AlBr,* 

1 

97.5 

255 

121 


GaBrt 

121.5 

279 


5 

InBri 

436 

subl. 


6.4 

TlBr, 





4. Iodides 





BI, 

43 

210 



Alli 

179.5 

381 

71 


Gal, 

212 

346 


0.02 

IqI, 

210 



2.3 


• Dimera. 


diffraction studies** show the gaseous trifluoride, trichloride, and tri- 
bromide molecules to be planar wth X—B—X bond angles of 120® and 
B—X bond distances of 1.30 A (X = F), 1.73 A (X = Cl), and 1.87 A 
(X = Br). All these bond distances are somewhat less than calcu¬ 
lated single bond distances as demanded by the structure 



H. A. L4vy and L. 0. Brockway: J. Am. Chctn. Soe., 69 , 2085 (1937). 
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However, the presence of a fourth available bond orbital permits 
major contributions by the resonance structures 


• + 



in spite of unfavorable charge distributions, as well as by such ionic 
structures as^* 





The net effect for the chloride and bromide (and presumably the 
iodide) is onc-third double bond character and two-thirds single 
bond character in each bond, or an effective resonating structure 

X 

B 

/ \ 

X X 

Bond distances calculated on this basis (1.74 A for X = Cl and 1.89 A 
for X = Br) agree with observed values. For the fluoride, the greater 
ionic character of the B—F bond must render contributions by ionic 
structures more important since the calculated B F distance (on 
above basis) of 1.39 A is still too large.** 

The boron trihalides are soluble in a variety of organic solvents. 
With water, the chloride, bromide, and iodide undergo rapid and 
complete hydrolysis to boric acid and the corresponding hydrogen 
halide. The fluoride, however, gives fiuoboric acids (p. 760) as well 
as boric acid (compare silicon tetrafiuoride, p. 679). Many of the 
chemical behaviors of the boron trihalides are associated with their 
acceptor properties toward electron pair donors. This property is 
most pronounced with boron trifluoridc'* and decreases markedly 

“ L. Paulinn: The Nature of the Chemical Boml, 2n(i pp. 237-239. Cornell 

University rr,-s.s, Ithaca (19-10). . . ^ ^ 

*•11. S. Booth and D. U. Martin: Boron Trifiuoride and /M uenvaltves^ Cn. 4. 
John Wiley ami Sons Now York (1949). 
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through the chloride^’ to the bromide and iodide/* probai)ly because 
of increasing size and decreasing electronegativity of the acceptor. 
Differences between the fluoride and chloride arc most striking. Thus, 
although the non-metals fluorine, chlorine, oxygen, sulfur, nitrogen, 
and phosphorus, serve as donors toward both boron trifluoride and 
boron trichloride, the number of the boron trifluoridc derivatives and 
their thermal stabilities far exceed those of boron trichloride. Com¬ 
paratively few such compounds are derived from the tribromide and 
triiodide. Many compounds which act as donors toward the tri¬ 
fluoride rupture boron-halogen bonds in the other trihalides. Typical 
donors toward the various boron trihalides are summarized in Table 
17-5. The strong acceptor ability of boron trifluoride toward many 
functional groups in organic compounds renders the material a catalyst 
of virtually unparalleled versatility and importance.*® The acidic 
properties of boron trifluoride (pp. 327, 335) and its behavior with the 
inert gas elements (pp. 379-3S0) have been discussed previously. 
Fluoboric acids and the fluoborates are described in a later section of 
this chapter (pp. 760-763). 

Boron trifluoride is formed when boron is reacted with elemental 
fluorine; when other boron trihalides are reacted with fluorine, with 
antimony(ni) fluoride in the presence of antimony(V) chloride, or 
with calcium fluoride; when fluoborates such as the potassium com¬ 
pound are heated; or when boric oxide is heated with calcium fluoride 
or a fluoborate and sulfuric acid.®® A more convenient procedure, 
which gives larger yields of a product containing but little silicon 
tetrafluoride, involves warming a mixture of sodium or ammonium 
fluoborate and boric oxide with sulfuric acid.®' The product is puri¬ 
fied by distillation. Boron trichloride is formed when boron or a 
boride is burned in chlorine; when a mixture of boric oxide and carbon 
is heated with chlorine; or when boric oxide is reacted with phos- 
phorus(V) chloride in a closed tube. A much better procedure involves 
heating boron trifluoride mth anhydrous aluminum chloride,®*' ** the 
driving force for the reaction being the formation of ionic, non-volatile 


D. R. Martin: Chem. Revs., 34, 461 (1944). 

** D. R. Martin: Chem. Revt., 43, 581 (1948). 

**H. S. Booth and D. R. Martin: Bor<m Trifluoride and lU Derivatives, Ch. 6. 
John Wiley and Sons, New York (1949). 

‘“/bid., Ch. 1.- 


“ H. S. Booth and K. S. Willson: Inorganic Syntheses, Vol. I, p. 21. McGraw- 
Hill Book Co., New York (1939). 

“ E. L. Gamble, P. Gilmont, and J. F. Stiff: J. Am. Chem. Soc., 63,1257 (1940). 

” E. L. Gamble: Inorganic Syntheses, Vol. Ill, p. 27. McGraw-Hill Book Co 
New York (1950). 
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TABLE 175 

Donor Groups toward Boron Trihalides 



HF 

MF, 

NOF 

CH,COF 

HCl 

MQ. 


H,0 

M,>SO« 

NO 

M,‘“P04 

POF, 

ROH 

RCHO 

R,CO 

RCOOH 

R,0 

(RC0),0 

RCOOR' 

HtS 
RSH 
R,S ' 

NH, 

RNH, 

R,NH 

R,N 

C.H*NR,(or H,) 

C,H*N 

RCONH, 

HCN 

RCN 

PH, 

none 

RHC=CHR(?) 


(C4H,),CF 


none 


none 


sa, 

FeClf 

(CiHOiCCl 

c,H,a 

POCl, 

so, 

so, 

R,0 


pa, 


none 


poa, 


none 


H,S 

B, S. 

NH, 

RNH, 

R,NH 

R,N 

C, H,NR,(or H,) 
RCN 

Noa 

CNa 

PH. 

pa, 

AbH, 

none 


B,S, 


NH, 

RNH, 

R,NH 

R,N 

C.H,NR,(or H,) 
C,H,N 
RCN 
AgCN 

pa, 

PBr, 

AsH, 

none 


none 


NH, 


none 

none 

none 


aluminum fluoride. Boron tribromide is prepared by the same types 
of reactions, the boron trifluoride-anhydrous aluminum bromide 

reaction" being favored. Boron triiodide is 

boron tribromide or boron trichloride vapor mixed mth 

iodide is passed through a heated tube or when solid sodium or lith- 
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ium borohydride (p. 782) is reacted with iodine at 200° or 120°C., 

respectively.^* ,, 

Boron Suhhalides (B,X,). Boron subchloride or tetrachlorodi- 

borine, B,C1., is a liquid boiling at 55°C. (extrapolated) and freezing 
to a solid with melting point -98°C. The vapor density of the com¬ 
pound agrees with the formulation B,C1..“ The compound undergws 
slow decomposition in the absence of air to boron and boron trichloride. 
It is soluble in water, with the evolution of only small quantities of 
hydrogen to give a solution of subboric acid (p. 813).“ Alcohols give 
esters of composition B,(01l)*.» It follows that the compound is the 
acid chloride of subboric acid and has the structure 



The compound is not reduced by lithium aluminum hydride, but 
lithium borohydride converts it largely to diborane (p. 774).*^ Hydro¬ 
gen gives decaborane, and ethers form addition compounds such as 
BiCh-RjO and BjCU^RjO. The subchloride is obtained by sub¬ 
jecting boron trichloride to an electric arc struck w'ith a zinc anode,“ 
but passing boron trichloride vapors (1 to 2 mm.) through a glow dis¬ 
charge established between mercury electrodes gives better yields.” 
Allowing a mixture of boron siibchloride and boron tribromide to stand 
at rooirvtemperature gives the subbromide, BiBri.^^ Boron subiodide, 
or tetraiododiborine, is obtained as a pale-yellow crystalline solid by 
the action of an electrodeless discharge on boron triiodide vapors at 
1 to 3 mm. pressure.** A lower iodide, B^Ik {x > y), also forms, and 
decomposition of the subiodide at room temperatures yields a mixture 
of the triiodide and a polymer (BI),.“ 

Trihalides of Aluminum and Its Heavier Congeners (MXj). All the 
possible compounds except thallium(III) iodide have been charac¬ 
terized. A compound of composition Til* can be prepared, but its 
properties are essentially those of a thallium(I) triiodide, Tl+l3~. 
This is in keeping with the enhanced oxidizing power of thallium(III). 
Indeed, both the tribromide and trichloride of thallium show marked 
tendencies to revert to the thaUium(I) compounds. The data in 


** W. C. Schumb, E. L. Gamble, and M. D. Banus: J. Am. Chem. Soc., 71» 3225 
(1949). 

“T. Wartik, R. Moore, and H. I. Schlesinger: J. Am. Chem. Soe., 71, 3265 
(1949). 

“ A. Stock, A. Brandt, and H. Fischer; Ber., 58, 613 (1925). 
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Table 17-4 show the trifluorides to be ionic and the other trihalides 
to be largely covalent, decreased covalent character paralleling 
increased size of the cation. The differences are most striking for 
aluminum, where the change from a salt to covalent materials is 
particularly abrupt. 

Except for the fluoride, the aluminum trihalides vaporize largely as 
dimers. This tendency is most pronounced for the chloride. The 
percentages of the monomeric species near the boiling points have 
been determined^’ to be: AICl^, 0.02% (ISO^C.); AlBrj, 0.7% (255'’C.); 
Allj, 24% (SSO^C.). Dimeric structures persist in solvents such as 
benzene but not in coordinating solvents such as pyridine or ether. 
Electron diffraction studies^* of these three halides in the gaseous state 
show each aluminum atom to be surrounded tetrahedrally by four 
halogen atoms, two halogen atoms being common to two tetrahedra 
and acting as bridging groups (p. 272). Measured bond distances are 
summarized in Table 17-G. Raman data show that such structures 


TABLE 17 6 


Bond Distances in Group Ills Trihalide Molecules 


M—X Bond Distance, A 


Metal 

Cl 

Br 

I 

A1 

2.0G* 

2.21* 

2 53 


2 21t 

2 33t 

2 58 

Ga 

2.22 

2,'34 

2.50 

In 

2.46 

2 58 

2 76 


• Non-bridging halogen. t Bridging Imlogen. 


persist in the fused state.®® The trichlorides, tribromides, and tri¬ 
iodides of gallium and indium are also dimeric in the vapor state,**• ** 
bond distances being given in Table 17-6. In the absence of con¬ 
flicting data, bridge structures may be assumed for these compound.s 

a.s well. 

The anhydrous trifluorides are only slightly soluble in water, hut 
the other trihalides dissolve readily. Aqueous solutions are ionic 
although extensively hydrolyzed (p. 736). In non-polar solvents, the 
compounds are non-conductors. AH the trihalide molecules arc 
electron pair acceptors (Lewis acids). As such they combine with 

” \V. Fischer and 0. Rahifs: Z. anorg. allgcvt. Chem., 206, I (1932). 

A. Werner: Z. anorg. Chnn.. 16, 1 (1807). 

** K J Palmer aiid N. KllioU: J. Am. Chem. Soe., 60, 1852 (1938). 

H. Gcrding and E. Smit: Z. phij.^ik. Chem., B61, 217 (1912). 

«' D P Stevenson and V. Schomakcr: J. Am. Chem. Soc., 64, 2514 (1042). 

H. Brode: Ann. Physik, 37, 344 (1940). 
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halide ions (p. 765), amines, and a variety of organic compounds 
containing donor groups. Anhydrous aUiminum(III) chloride resem¬ 
bles boron trifiuoride in its catalytic power. There is some evidence 
that anhydrous galliumdll) chloride is an even better acid catalyst 

than its aluminum analog.** 

The anhydrous trihalidcs are best made by direct reaction of the ele¬ 
ments at elevated temperatures. Sublimation is a common method 
of purification. Directions for aluminum tribromide are typical.** 
The thallium compounds can be made also by reaction of tiie thal- 
lium(I) compounds with the appropriate halogens. Aqueous solutions 
of the trihalides may be obtained by reaction of solutions of the hydro¬ 
halogen acids upon the oxides or, except with thallium, upon the free 
metals. Concentration of such solutions gives cither hydrates or basic 
salts. 

Oxyhalides (MOX). Reaction of boron trifiuoride with boric oxide 
yields a volatile compound (BOF),,** which is apparently a trimer with 
the cyclic structure 


F *. 


: F 



• * 




The compound is also formed when alumina and boron trifiuoride are 
heated at 450*’C. An analogous oxychloride has not been character¬ 
ized completely, although heat is said to convert alkoxychloroboron 
compounds such as CHsOBCU into at least a small quantity of the 
oxychloride.**- *’ A number of these alkoxyhaloboron compounds are 
known. Aluminum oxyhalides, AlOX (X = Cl, Br), are formed when 
ether addition compounds of the trihalides are heated.** The heavier 
elements probably form similar compounds. 

«H. Ulich; Die Chemie, 66, 37 (1942). 

** D. G. Nicholson, P. K. Winter, and H. Fineberg: Inorganic Sgntheiee, Vol. 
in, p. 30. McGraw-Hill Book Co., New York (1950). 

« P. Baumgarlen and W. Bruns: Ber., 72B, 1753 (1939); 74B, 1232 (1941). 

” If. Ramscr and E. Wiberg: Ber., eSB, 1136 (1930). 

” E. Wiberg and W. Siitterlin: Z. anorg. allgem. Chetn., 202, 1 (1931). 

** W. Menzel and M. Froehlich; Ber., 76B, 1055 (1942). 
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Compounds derived from oxygen family elements 

Complete series of oxides and sulfides of the types M 1 O 3 and M:S, 
are known for the Group Illb elements. All but thalUum form anal¬ 
ogous selenides and tellurides ( 62 X 03 not known). Boron forms 
poorly characterized lower oxides of compositions BjO, B 4 O 1 , BA, 
and B 202 . There is spectroscopic evidence for a lower aluminum 
oxide, AlO, as well as a sulfide and a selenide (p. 736). For gallium 
and indium, lower oxides, sulfides, and selenides are known but com¬ 
paratively unstable compouiids. However, the unipositive thallium 
compounds are stable and well characterized (pp. 736, 769). It seems 
appropriate again to discuss the boron compounds separately. 

Boron Compounds. Boric oxide, B 2 OJ, exists in both crystalline 
and glassy forms, the conversion of the crystalline to the glassy being 
characterized by a heat of reaction of 4.360 kcal. per gram formula 
weight and a free energy change of 2.600 kcal. per gram formula weight, 
both at 298.The transition temperature is not known. The 
crystalline material has a specific gravity of 1.805, the glass a specific 
gravity of 1.795. The crystalline material melts at 450 ± 
whereas the glassy material softens over a long temperature range and 
becomes fluid at red heat (compare silica, pp. 691-692). The boiling 
point probably lies above 1500®C., but there is noticeable volatility 
at 1000®C. Boric oxide is reduced only by the most active reducing 
agents (p. 738). The compound is a high-temperature acid (p. 
333 )’‘- and behaves as an acid at ordinary temperatures toward 
hydroxides, etc. Its slightly basic properties are evident in the for¬ 
mation of compounds such as the phosphate, BPO4 (p. 816). Boric 
oxide is not particularly soluble in water, but it hydrates readily to 
the meta {HBO3) and ortho (HiBOa) acids. It is also the anhydride 
of the various hypothetical polyboric acids. These acids and their 
derivatives are discussed as a special topic in a later section of this 
chapter (pp. 808-811). 

Gla.ssy boric oxide is obtained by either fusing the crystalline form 
ur dchydriitiiig orthohoric acid at red heat. The crystalline form is 
obtained by dehydrating orthohoric acid at lower temperatures.'"-” 
The procedure of Kracek, Morey, and Merwin,” one version of which 
amounts to heating the acid for a week at 120®C., followed by daily 

« J. C. Soulh.-trd: J. A«>. C'hr-m. Soc.. 63, 3147 (1941). 

’9F. C. Kracek, G. W. Morey, and H. L. Merwin: Am. J. Sri. |5). 86A, M3 
(193HJ. 

\V. K. Gi'irtler: Z. anorg. Vhem., 40, 225 (1904). 

7* M. Focx: Covipt. rend., 206, 349 (19.J8). 

7*L. ^fc^ldl^(•h: J. CArm. Soc., 69, 2050 (1937). 
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temperature increases of 10®C. until heating for a day at 200®C., addi¬ 
tion of more acid, and final heating at 400®C. for two days, gives 
excellent results.**- A porous variety is obtained by heating ortho- 
boric acid at 200®C. in a vacuum over phosphorus(V) oxide.’*- ’* 

The oxide BjO has not been prepared as such, but an apparent 
hydrate, Bj(OH)j, has been reported” as a product of the reaction 
of the salt H4Bi(0K)i with sulfuric acid. This compound is readily 
oxidized by iodine to the oxide BjOj. Repeated extraction of mag¬ 
nesium boride (p. 776) with water, followed by treatment with aqueous 
ammonia, evaporation, and heating in vacuo, gives the oxides BjOj 
and B 40 s.’*- ” The oxide B 4 O 6 is contaminated with some 5% of a 
material B 40 j- 2 Hj 0 . Of these, the compound BjOj is most impor¬ 
tant. It is obtained also by hydrolysis of boron subchloride (p. 749)** 
or of the potassium compound K]BiH6 (p. 781).*® It is a water- 
soluble material which is readily oxidized to boric acid by nitric acid. 
Molecular weight determinations support the dimeric composition, 
and properties of the compound are in accord with the structure*^ 

• • • • 

O: :B : B: :0 

• • • • 

Whether this compound is Identical with the oxide BO obtained by 
heating boron with zirconium(IV) oxide in vacuo at 1800®C.** has not 
been determined. 

Boron sesquisulfide, BjSi, is a colorless, crystalline compound, which 
melts at 310®C. but sublimes completely at 200“C. It is readily 
hydrolyzed by water to boric acid and hydrogen sulfide and burns in 
oxygen or chlorine. The compound results from direct combination 
of the elements at elevated temperatures** or from the thermal decom¬ 
position of the compound BjSs-HtS or H 2 BJS 4 . The latter compound 
is obtained by reaction of hydrogen sulfide with boron trihromide dis- 

K. K. Kelley: J. /Im. Chan. Soc., 63, 1137 (1941). 

E. Tiede and A. Ragoss; Ber., 66, 656 (1923). 

’* \\ . Lange; Inorganic Syntheses, Vol. II, p. 22. McGraw-Hill Book Co., New 
York (1946). 

” R. C. Ray: J. Chem. Soc., 121, 1088 (1922). 

’• M. W. Travers, R. C. Ray, and N. M. Gupta: J. Indian Inst. Sei., 1, 1 (1914), 

R. C. Ray and i*. C. Sinhu: J: Chem. Soe., 1941, 742. 

*®A. Stock, W. Saitcrlin, and F. Kurzen: Z. anorg. allgrm. Chetn., 226, 225 
(1935). 

E. Wiberg and W. Ruschmann: Ber., 70B, 1393 (1937). 

•* E. Zinll, W. Morawietz, and E. Gaatinger: Z. anorg. aJlgetn. Chem., 246, 8 
(1940). 

** H. Moissan: Ann. chim. phys. (7), 6, 312 (1895). 
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solved in carbon disulfide or benzene.Its structure appears to 
be 


• • 

H: S : B 


S. .. 

B : S :h 

S* " 


A selenide, B 2 Sej, is obtained by direct combination of the elements.” 

Compounds of Aluminum and the Heavier Elements. Aluminum 
oxide, AljOj, is encountered most commonly as corundum (a-AliOi). 
In this structure each aluminum atom is surrounded octahedrally by 
six oxygen atoms, and each oxygen atom is surrounded by four alu¬ 
minum atoms, giving in effect a close-packed lattice of oxygen atoms 
in which aluminum atoms occupy tetrahedral holes. A less common 
variety, y-AljOj, has a spinel structure (p. 756). Surface oxidation 
yields another oxide, 'y'-Al 203 , which has a defect rock-salt structure 
in which a random distribution of 21% aluminum atoms over 32 
lattice positions is found. So-called / 3 -AI 2 O 1 is really a material of 
composition NajO llAljOs.” Corundum is a high-temperature modi¬ 
fication; 'y-Al20a a low-temperature modification. Corundum melts 
at 2030”C. and boils at ca. 2980*’C. Its specific gravity is 3.99, whereas 
that of -y-AljOa is 3.42 to 3.64. Corundum ranks next to silicon car¬ 
bide in hardness (ca. 9 on Mohs' scale). 

Aluminum oxide has a high thermal stability, its heat of for^tion 
(-402.9 kcal. per mole) being very large. The alpha form is insolu¬ 
ble in and unreactive toward water and is very resistant to attack by 
aqueous acids. The gamma form is hygroscopic and dissolves in 


Crystalline aluminum oxide is found in nature as ruby and sapphire 
and in an impure form as emery. Various hydrates are also found 
(e.g., bauxite, diaspore, gibbsite). Alundum is an artificial aluminum 
oxide made by fusing bauxite. It is useful as an abr^ive and as a 
refractory. Synthetic aluminum oxide is made by dehydrating the 
hydroxide giving the gamma form below 950 C. and the alpha form 

at higher'temperatures. Careful dehydration ^t l^w temperature 
gives a product with highly developed surfaces which is useful as a 
fatalyst and as an adsorbing agent. The beauty and hardness j 
ruby and sapphire (and related colored species such as oriental 


•4 A. Stock and 0. Poppcnberg: Ber., 54, 399 (1901). 

<» A. Stock and M. Blix: Bff., 34,3039 0901). 

HA. F. Wells: Slruciural /nor^anic ChcmiUry, 2nd Ed., p. 3 
Press, Oxford (1950). 
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amethyst, oriental emerald, oriental topaz) have long been prized. 
Synthetic rubies were first produced by Verneuil"’ by an ingenious 
process in which powdered alumina mixed with a small proportion 
of chromium(in) oxide was fused in an oxyhydrogen flame, the fused 
mass being allowed to crystallize as a boule on an alumina rod. Roth 
ruby and sapphire are now produced in sizable quantities by essen¬ 
tially the same process,various color effects being obtained by the 
addition of suitable substances (e.g., CrjOa for ruby, Fe 30 « and TiOj 
for blue sapphire). Even gems exhibiting asterism (star gems) are 
obtained by appropriate treatment of materials containing tita- 
nium(IV) oxide.®* Synthetic ruby and sapphire are used for jewel 
bearings, thread guides in textile mills, jewelry, etc. 

Hydration of alumina, hydrolysis of aluminate solutions, or treat¬ 
ment of aluminum salt solutions with alkalies (soluble hydroxides, 
carbonates, sulfides) gives materials usually referred to as aluminum 
hydroxide. Careful study has shown that the following hydrates of 
aluminum oxide exist:**'** 


1. a-AlsOj-3HjO (bayerite), metastable with respect to gibbsite 
but stable with respect to bohmite. This is obtained by aging bdhmite 
gel under dilute alkali, by reaction of amalgamated aluminum with 
water at 40‘'C. for several days, or by slow hydrolysis of an aluminate 
solution or reaction with carbon dioxide at room temperature. 

2 . 7 -A 1 i 0 j- 3 H 20 (gibbsite or hydrargillite), the stable 3 -hydrate or 
hydroxide. This form is found as a mineral and is obtained by rapid 
hy(kolysis of an aluminate solution or reaction with carbon dioxide at 
100“C. or by digesting bayerite with dilute alkali at 60®C. 

3. a-AljO| HsO (diaspore), a naturally occurring material. This is 
formed by heating 7 -AI 2 O* with water under pressure at 430®C. and 
seeding. On being heated in steam at 400®C., it gives q-AIjO*. 

4. 7-AlaO,-HiO (bohmite), a material stable in steam at 400®C. 
This is precipitated from boiling aluminum salt solutions by ammonia. 


*^A. Verneuil: i4nn. chim. phys. (8), 3, 20 (1904). 

“ Anon.: J. Chem. Education, 20 , 2 (1943). 

Sapphire, Ruby, and Spinel. Bulletin of the Linde Air 
Products Company, New York (1946). 

” A. E. Alexander: J. Chem. Education, 23, 418 (1946). 

and J. W. Glenn: U. S. Patent 2,488,507, Nov. 15 1949 
Assigned to the Linde Air Products Ckimpany. ’ 

Tht Hydros. Oxide, 

n D , ’ , • Sons, New York (1935). 

Hydroxyde and Oxydhydrate, pp. 57-113 Aka 

demischeyerlag9gesell8chaftm.b.H.. Leipzig (1937). • PP-Aka- 

R. Fricke and J. Jockers: Z. anory. Chem., 262, 3 (1950). 
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It is also obtained as the first product of the aging of the amorphous 
gel thrown down by alkalies at room temperature, by reaction of 
amalgamated aluminum with water at G0®C., or by aging gibbsite at 
350*0. in a hydrothermal bomb. 


Studios by Laubengayer and Weisz®^ indicate the following ranges 
of stability: bayerite, below 155*0.; gibbsite, 155® to 280*0.; bohmite, 
155® to 280®C.; diaspore, 280® to 450 ± 5®0.; ^-AljOa, metastahle in 
range 100® to 500°C.; a-AljOs, above 450 ± 5®0. Even below 155®C., 
bayerite is less stable than gibbsite. 

Freshly precipitated aluminum hydroxide is amorphous, but aging 
gives crystals. It is readily peptized to a hydrosol. The crystalline 
material (y-AlaOj-SHsO) is built up of double layers of hydroxyl 
groups, with aluminum atoms occupying two-thirds of the octahedral 
holes between the layers.®* Hydroxyl bonds (p. 192) hold adjacent 


layers of OH groups together. 

Aluminum hydroxide is predominantly basic and forms salts by 
reaction with a variety of acids. In solution, of course, these salts 
are extensively hydrolyzed. Complete hydrolysis occur.s with very 
strongly basic anions {e.g., S-^ COr®, CX", HCOj"). Aluminum 
hydroxide is also weakly acidic (pt/ 12.2, compared with 9.24 
for boric acid). Reactions with alkali metal hydroxide solutions give 
aluminate solutions, which, because of the weakness of the acid are 
stronglv hydrolyzed. Even carbon dioxide causes complete hydrolysis 
with precipitation of the hydrous hydroxide. Solid meta-alummatcs, 
XaAl().iIi.O, XaAl().-3H.O, and KAIO.-^HA have been pre- 
p-ued - but ortho-aluminates are not known. The compusitimi of 
the aluminate ion in solution remains undetermined. In view of the 
tendency of aluminum(III) to add donor groups, compositions such 

:is lAKOIOd- or [AKH^Oj.fOIDd- are not improbable 

A number of naturally occurring aluminates of composition 
(M" = Mb. zn, F., Ho) are known. Thoso nrn rnf.Trod 

to as spinels the name spinel being given apcv.f.eally to the magnesium 
compo.i.Kl In crystal.^ of these materials, the oxygen atorn.s (or loriM 
are Lrange.i in a’cwhie clo,se-pa.-ke,l fashion, with ahimmnm atoms 
omipving oetahedral holes and atoms of the d,positive elements 
tctrahednil holes." The .spinel stnietiire is eharaetenstie of a ^a^ J 

.. A. tv. ..I K. S. «ei-: ^ 

»» A. F. \\'r\U: Slnirhinil It„>rg,intc ( h> un^tru, 2n>\ I-l , I I • 

OxfoT'l (IUdO). /■'l,,,, iqi r>M(l'»:iO). 

l\ Irii-kr an.l V. Z. onnnj. aHg. vi. ( hrv, in, U.Ml. 

.. 1>. jTicnitis-. ^h,.. 220, Cl.rm.Inn 

« A. F. Wrlls: Strurl.rnl hiorgnn.r Cfu.n.tnj, 2n.l bl-. PP- -i'- ■ ^ 

I’n -s. (Hfor-l (I'.'.'fO). 
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of natural and synthetic compounds of type formula 
(M" = Be, Mg, Zn, Cd, Mn, Fe, Co, N'i; M‘" = Al, Ga, In, Fe, Co, 
Cr). Thus the chromites (p. 882) and the ferrites (p. 887) are typical 
spinels. Closely related are compounds such as Fe'“MgFe'‘' 04 , or 
B(AB )04 as compared with A(B 02 )s for spinels. In crystals of the.se 
compounds, half the B atoms occupy tetrahedral positions, and the 
remaining B atoms together with all the A atoms occupy octahedral 
positions.** Crystalline beryllium aluminate, Be(AlOj) 2 , of gem 
quality is knoxMi as chrysoberyl. Magnesium aluminate containing 
excess aluminum oxide (ca. MgO-3.5AljOj) is produced synthetically 
by the Veriieuil procedure (p. 755) for use as gem material, abrasion- 
resistant bearings, etc. (hardness = 8 on Mohs' scale).** It is referred 
to technically as spinel. The solubility of 7 -AljOs in spinel is due to 
the fact that both crystallize in the same structure. 

The sesquioxides of gallium, indium, and thallium are quite gen¬ 
erally comparable with the aluminum compound. Gallium(III) 
oxide exists as a low-temperature alpha form and a high-temperature 
beta form, the latter being insoluble in acids. The indium and thal¬ 
lium compounds are not polymorphic. Two hydrated gallium(III) 
oxides are known, GajOj HjO (comparable with diaspore) and GajOj- 
3HjO (metastable like bayerite). Indium gives only InaOj-SHiO, and 
thallium(III) oxide is anhydrous. These compounds are all water 
insoluble. Only the gallium compounds arc acidic enough to dissolve 
in aqueous alkali. 

Aluminum sulfide, AljSj, is a yellow crystalline material which 
sublimes at elevated temperatures. It is completely hydrolyzed in 
contact with water. It is obtained by reaction of sulfur with molten 
aluminum or wiih a mixture of alumina and carbon. The selenide is 
comparable in properties and mode of preparation. The gallium com¬ 
pounds are similar, but, by contrast, the sulfides, selenides, and tel- 
lurides of indium(III) are stable, water-insoluble compounds. The 
thaUium(ni) compounds are unstable with respect to the thallium(I) 

compounds. 

Nitrides 

All the^elements in this family except thallium form nitrides of the 
type MN. Boron also forms a number of compounds containing 
c aracteristic B N linkages. These are considered separately in a 
later section of this chapter (pp. 795-807). Aluminum, gallium, and 
indium also form comparable binary phosphides, arsenides, and 

antimonides. 

All the simple nitrides are covalent materials (p. 578). In solid 
Doron nitnde, the unit cell is a hexagonal unit of alternating boron and 
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nitrogen atoms, BsNj, the constants of which are a = 2.5038 ± 
0.0001 A and c = 6.660 ± O.OOl The structure has been con¬ 
sidered to be that of graphite (p. GGC),'®*- *®^‘the B—N bond distance 
of 1.45 A being comparable to the C—C bond distance of 1.42 A in 
that substance and lying between the theoretical single and double 
B—N bond distances of 1.54 A and 1.36 A, respectively. Indeed, the 
compound has been called “inorganic graphite.” According to 
Pease,however, the hexagonal rings are packed directly on top of 
each other, with the positions of the boron and nitrogen atoms being 
interchanged in adjacent layers. The structure is thus basically the 
same as that of graphite, but with slight displacements of adjacent 
layers. Within each layer, a giant molecule arrangement pertains. 
An apparently amorphous material is known also. Aluminum, gal¬ 
lium, and indium nitrides crystallize in wurtzite-type lattices (p. 
133)^103. m jji which M and N alternate. These materials are thus 
giant molecules. In aluminum nitride, the A1—N bond distance is 

1.87 A. 

Crystalline boron nitride is a white refractory solid which sublime 
below 3000®C. and melts under pressure at that temperature. It is 
inert even at elevated temperatures to oxygon, hydrogen, iodine, etc. 
At red heat, it is hydrolyzed by water vapor to ammonia and bone 
oxide. Aqueous acids or alkalies cause no decomposition, but fusion 
with alkali metal hydroxides or carbonates forms borates. Amor¬ 
phous boron nitride is somewhat more reactive. Aluminum nitride 
melts at ca. 2200®C. under pressure, but undergoes thermal decom¬ 
position at lower temperatures. It is readily hydrolyzed by cold 
water to hydrated alumina and ammonia. The gallium and indium 
compounds are comparable to aluminum nitride. 

Boron nitride is the ultimate product of the thermal decomp^itions 

of many boron-nitrogen compounds, e.g., and 

is also obtained by heating boron with nitrogen or ammonia or by 
heating borax with ammonium chloride. Aluminum mtr.dc is ormed 
when the metal is heated in nitrogen or ammonia or when the oxide 
is heated with c.arbon and nitrogen. Gallium mtride .s also obtamed 
by heating the metal in ammonia gas, but the 

terformed by thermal decomposition of the compound (Midslln si- 


'n® n. S. Pease: .Vo/ure, 166, 722 (1950). 

I®' 0. Hasscl: ^'ortk. Gcol. Tuls., 9, 266 (1926). 

1®* Brager: Acla Physicochim. U. R 5. S.. 7. 609 (1.37). 
i«* H. Ott: Z. Physik, 22, 201 (192-1). 

.04 It. Juta and H. Hahn: Z. anorg. aUgnn. Chnn., 239. 282 (1038). 
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Carbides 

The structures and general characteristics of the carbides of boron 
and aluminum have been discussed in Chapter 16 (pp. 697-699). 
Both boron carbide, B 4 C, and aluminum carbide, AUCj, are obtained 
by direct combination of the elements at elevated temperatures or by 
thermal reduction of the oxides with carbon. The ready hydrolysis 
of the aluminum compound by water or acids is to be contrasted with 
the chemical inertness of the boron derivative. The yellow aluminum 
carbide crystals melt at 2200®C. and sublime in vacuo at 1800®C. 

Salts of the tripositive elements 

Although most of the anhydrous compounds of these elements with 
non-metals and acid radicals are highly covalent, certain of the 
hydrated compounds possess salt-like character. Thus the anhydrous 
chloride, AliCl«, is a covalent substance (p. 750), but the hydrate, 
AlCU'CHsO, behaves as a salt. Coordination of water molecules to the 
tripositive metal ions overcomes covalent tendencies. This situation 
is common with aluminum, gallium, and indium. For boron, no salts 
are known as such, although a number of compounds containing effec¬ 
tively cationic boron are known. These are described later (pp. 816- 
817). For thallium, the strong oxidizing power of the uncomplexed 
tripositive ion sharply limits the number of characterizable salts. 

Common water-soluble salts embrace the halides (except fluorides), 
perchlorates, sulfates, selenates, and nitrates. All these materials are 
extensively hydrolyzed in aqueous solutions (p. 736), particularly the 
thallium compounds. The sulfates and selenates are particularly 
prone to form double salts (cf., the alums, pp. 539-541), Double 
halides also form quite readily. These often have the general prop¬ 
erties of complexes. Few complete series of insoluble salts have been 
characterized. Fluorides, phosphates, iodates, borates, etc., appear 
to be insoluble. 

Complexes derived from the tripositive elements 

Differences already pointed out between the simple compounds 
of boron and of the other elements are also apparent among the com- 
plex compounds. Boron resembles silicon (Ch. 16) quite closely in its 
ability to form complexes and in the nature of such complexes, whereas 
aluminum and the heavier members of the family give complexes which 
are comparable to those of tin, lead, zinc, cadmium, etc. Because of 
octet limitations, the coordination number of boron is invariably/our. 
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The coordination number of aluminum is either Jour or six. The 
heavier members are most commonly 6 -coordinate. 

Complexes of Boron. Because of the acceptor strength of the boron 
atom, a variety of molecular addition compounds are known. These 
are formed most commonly between boron trihalides (especially boron 
trifluoride), boron alkyls, or boron aryls and compounds containing 
donor nitrogen or donor oxygen. Some of these materials have been 
described already (pp. 746-748); others are discussed in conjunction 
with the material on the hydrides of boron (pp. 780-781). Matenals 
which are complexes in the more usual sense are the fluoborates, the 
chelated oxy derivatives, and perhaps the borohydrides. The boro- 
hydrides are discussed in connection with the boron hydrides (pp. 
782-786) because of close chemical relations. In all these compoun s, 
hybridizations confer a tetrahedral geometry upon boron 
FLUOBomc ACIDS AND FLUOBOHATES. The Only sUble 
plexes of boron are those containing fluorine. A variety “f 
Lids and derived salts have been described.'”* These are either co 
pletely fluo compounds (e.g., HBF., HiBF., H3iF.) or mixed aquo- 
uo cLpounds le.g., (HO)JIF, H0B(F)0(F)^B0H, 

these compounds are poorly characterized or have 
positions Important fluoboric acids are the compound HBF, and 
Lose materials which are related to it by successive subsWutioii of 
hydroxyl groups for fluorides. These are related to each other as 
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FI 


S 4 
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Lf 


fJ 
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OH 


LF 


B 

/ \ 


F J 
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F OH 

\ / 
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LF^ ^OHJ 


HO OH 

, \ / 

Hi B 

/ \ , 

LF OHJ 


but the last compound being ^ ‘i al uLnown 

fluoride would give the "nee H B(Om 

as such. The name ftmbonc ocni hydroxy-fliioboric 

material, HBF 4 . I he referred to collectively as fluo- 

it r„r.r til..—«“ ■" 

although aqueous of 

:;r:tL:^rte 'it Ldmiysis. The .utima. 

... s. Boolh .aa D. B. Ma" ' 

John Wilry and Sons, N’oiv Vork (1949). 
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hydrolytic reaction is given by the equation 

BFr + 3H:0 H>BO, + 4F- + 3H+ 

However, stepwise reactions in which the hydroxy acids HIBF 3 OH], 
H[BF 3 ( 0 H)j 1 . and perhaps H[BF(OH)i] are formed successively give 
a better picture of the true hydrolytic process.*"* At 25®C., the 
degree of hydrolysis to H[BFjOH] varies from 0.777 for a 0.001018 M 
solution to 0.0550 for a 5.41 M solution,'** the hydrolysis reaction 
being characterized by a hydrolysis constant of 2.3 X 10“*. Hydroly¬ 
sis is slow at room temperatures but rapid at elevated temperatures. 
Freshly prepared tetrafluoboric acid solutions do not attack glass, but 
on standing or being heated they do. Aqueous solutions of tetra- 
fiuoboric acid are formed by hydrolysis of boron trifluoride (p. 740). 
A better procedure involves treating cold concentrated aqueous hydro¬ 
fluoric acid with boric acid in the mole ratio 4HF:lH|BO|.**^ The 
reaction involves two steps:*** 

H,BO, + 3HFHlBFiOH] -H 2 H 2 O (rapid) 

H[BF,OH] + HF ♦=! H[BF 4 l + H 3 O (slow) 

Crystal structure studies on salts show the tetrafluoborate ion, 
[BF 4 I", to be tetrahedral.***"*** The tetrafluoborates are remarkably 
similar to the perchlorates in crystal structures'** and in solubilities.*'* 
Many instances of isomorphism are noted. Salts of many of the heavy 
metal ions are water soluble, whereas the potassium, hexammine- 
nickel(II), and hexammine-cobalt(III) compounds, like the corre¬ 
sponding perchlorates, are much less soluble. Similarities of these 
types arise from similarities in size, in bond lengths (B—F, 1.53 A; 
Cl—0, 1.63 A), in tetrahedral character, and in the deformation- 
resisting fluorine and oxygen atoms surrounding the central atoms. 
Similarities to permanganates (p. 884) and fluosulfonates (p. 525) are 
also discernible.*** Many tetrafluoborates have been character¬ 
ized.*®*- *" The nitrosyl compound has been mentioned earlier (p. 
595). An acetyl derivative, (CHiCO)[BF 4 ], is also of interest. The 
salts are usually prepared by metathesis reactions involving the acid 
or a soluble salt. The potassium salt is easily prepared by direct 

‘”C. A. Watnwr: J. Am. Chem. Soc., 70, 1209 (1948); 7S, 409 (1951). 

P. A. van dor Meulen and H. L. Van Mater: Inorganic Syntheact, Vol. I. o. 
24. McGraw-Hill Book Co., New York (1939). 

**• J. L. Hoard and V. Blair: J. Am. Chem. Soc., 57, 1985 (1935). 

‘••L. J. Klinkenberg; Rec. trav. chim., 68, 36 (1937). 

"•L. J. Klinkenberg: Dissertation, University of Leyden (1937). 

E. Wilke-Dflrfurt and G. Balz: Z. anorg. allgem. Chem., 169, 197 (1927). 
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precipitation.**^^ The ammonium salt, which is a convenient source 
of boron trifluoride (p. 747), is obtained by reaction of boric acid with 
ammonium hydrogen fluoride as 

H 3 BO 3 + 2 NH 4 HF 2 ^ NH4[BF^] + 3 H 3 O + NH, 


either in aqueous solution or by fusion.*'* Tetrafluoboric acid and 
its salts are often employed in the electrodeposition of metals. 

Boron trifluoride forms a 2-hydrate, BF3-2H20, when treated with 
water at low temperatures.*** The compound is a non-fuming liquid, 
which boils at 58.5° to 60°C. (1.2 mm.) and freezes to a crystalline 
solid melting at 5.9° to 6.1°C. In the crystalline state,' the structure 
is similar to those of ammonium perchlorate and ammonium tetra- 
fluoborate, and the compound is believed, therefore, to be hydroniura 
monohydroxyfluoborate, HjO+IEF^OH)'.'** The compound is only 
slightly soluble in benzene but dissolves in polar solvents such as 
dioxane and water In aqueous solution, the acid is about as strong 
as sulfuric acid.'*® Formation of the acid in solution as a hydrolysis 
product of tetrafluoboric acid has been discussed (p. 761). Aqueous 
solutions of the 1-hydrate of boron trifluoride undoubtedly contain this 
acid.*'® The only w'ell-characterized salt is the potassium compound, 
which has been prepared by reaction of boric acid with potassium 
hydrogen fluoride in aqueous solution.-- *** The monohydroxyflu^ 
borate ion is distinguished from the tetrafluoborate ion by its lack 0 
precipitation by potassium ion or nitron acetate and by its ease of 

hydrolysis in alkaline solution. .. u u -i 

D'ihydroxyfluoboric acid is a colorless, syrupy ® 

159° to 160°C. and freezes to a solid melting between 4.0 C, and 4.5 C. 
t isTnLluble in carbon tetrachloride, carbon d.sulfide, or benzen . 
Solvents such as water, methanol, or ethanol react to give unchar- 

Lrized duonne^^;™. sohds. 

SogeSuole ;itl boric oxide or boric acid, or by reaction of 

.u H S. Booth and S. Rohoinri /nor,on,o Vol. II, p. 23. McGtaw- 

"T.. ^Gra^h* aa SUckl and P. A. McCushor, d. An,. CAto,. S»c., SS, 126.3 
(1944). ^ ! A A Ketclaar: Rec. trav. ehim., M, 959 (1935). 

i»L. J. Klinkenbcrgand J. A. . 64,325 (1946). 

n» 1. G. Ryss: Compt. rend. acad. bci. . 
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sulfuric acid with a mixture of boric oxide and calcium fluoride.*^®- 
The hydroxyfluoboric acids are useful catalysts. Acid strength 
decreases markedly in the series H(BF 4 ]-H[BFaOH]-H(BF 2 (OH)a]- 
(H[BF(OH)d)-H*BOi.'« 

CHELATED oxY DERIVATIVES. All known chelate rings containing 
boron involve oxygen to boron bonds. Either one (monochelate) or 
two (dichelate) rings may be present, giving the fundamental structures 
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The conversion of the weak orthoboric acid to comparatively strong 
monobasic acids by addition of polyhydroxy compounds such as 
glycerol or mannitol has been recognized for many years and is of 
considerable analytical importance. Only polyhydric alcohols are 
effective, and then only when the hydroxy groups on adjacent carbon 
atoms are cis to each other rather than trans. Thus ethanol is without 
effect, nor is ethylene glycol effective where mutual repulsions of the 
two hydroxy groups apparently impart considerable irons character. 
These observations are consistent with the formation of chelate struc¬ 
tures of the types 
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with consequent decrease in the firmness of the bonding of the acidic 
hydrogen."** "" Physical data confirm the existence of such spe¬ 
cie."®* Indeed, formation of such compounds is useful in deter¬ 
mination of the configurations of various diols.*” Catechol and eali- 

"• F. J. Sow&, J. W. Kroeger, and J. A. Nieuwland: J. Am. Chem. Soc.. 67. 454 
(1935). 

J. W. Kroeger, F. J. Sowa, and J. A. Nieuwland: J. Am. Chem. Soe., 69, 966 
iiyo7). 

"* J. Bocsekcn, N. \ermaas, and A. T. Kdchlin: Rcc. trav. chim., 49, 711 (1930). 

"* J. Bdesokon and N. Vcrmaas: J. Phys. Chem., 36, 1477 (1931). 

*”H. Schafer: Z. anorg. allgevx. Chem., 247, 96 (1941). 

R. E. Rippere and V. K. LaMer: J. Phys. Chem., 47, 204 (1943) 

J. Bdeseken: Rec. trav. chim., 47, 683 (1928). 
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cyclic acid (and other related compountk) form similar chelates which 
can be isolated as salts of the types 

0 

\ / 

/ \ 

O 





In these, direct attachment of four oxygens to each boron requires the 
presence of a balancing cation. The brucine and strychnine salts 
of the 4-chlorocatechol‘** and salicylic acid‘“ derivatives have been 
resolved, showing the distribution of bonds around the central boron 

to be tetrahedral. 

Boron triHuoride reacts with various /3-diketones m benzene solution 
to give chelates of the type*-* 



These compounds are essentially monomeric in benzene and are char- 
aetlrt^ d by the lo«-melting points and lack of conduct,v.ty comjn 
tolvalent materials. Certain hydroxy-anthraqu.nones g,ve s.m.lar 
compounds with boron triacetate.'” 


«H. Scliiiffr: Z. anorg. ('hem., 260 82 (1942)^ 

» J. Bocscken an.i J. A. Mi;.: Itec.irav. ch,m 4A, ^58 (1925). 

.. J, Meuleohoff: Z. „02t,. 

” 0.' SmmTand T. Fau,,: «rr., 54. 3020 (1021). 
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Reaction of boron trichloride with various j9-diketoncs Rives mate¬ 
rials in which two chelate rings are present,i.e., lR(AA)i]X: nr 

R R 1 

\ / 

C—0 o=c 

\ ^ \ 

HC B CH X 

\ \ /■ 

C =0 0 -c 

. 

Although the covalency of boron is satisfied in the chelate structure, 
one of its primary valencies is not, and a negative group (X") is neces¬ 
sary. Compounds where X" = Cl", I", etc., are difficult to purify, hut 
those where X“ = FeCh"*, AuCh", ZnCU", SnCU“*, PtCh^*, etc., 
can be obtained. These “boronium” compounds arc strictly com¬ 
parable to the corresponding “siliconium” compounds, [Si(AA)s|X 
(p. 731). 

Complexes of Aluminum and the Heavier Elements. Comparatively 
few molecular addition compounds are known for these elements, those 
which are known being definitely less stable than their boron analogs. 
Stability also decreases with increasing atomic weight and size of the 
Group Illb element. As is true of boron, the anhydrous halides have 
the greatest tendency toward formation of compounds of this type. 
Oxygen and nitrogen are again the best donors. For the aluminum 
halides, addition compounds with ammonia, the amines, a few cya¬ 
nides, water, alcohols, ethers, aldehydes, and ketones are known. 
Their compositions are in general X 3 AI ♦— NRj or XjAl ♦— OR: 
(R = hydrogen or other substituent). These compounds are often 
unstable in contact with water or when heated. Comparable phos¬ 
phine and hydrogen sulfide compounds, Xj.Al «— PHj and XjAl «— SHj, 
are also obtainable as are addition compounds of the aluminum alkyls, 
e.g., RjAl ♦—OR':. The number of preparable addition compounds 
of the heavier elements is sharply reduced, the most stable being the 
ammines and etherates of the gallium alkyls. Best characterized of 
the ordinary type complexes are the halo complexes and the chelated 
oxy complexes. Among the latter, nitrogen may also act as a donor. 
Stable ammine or amine complexes have not been characterized. 

HALO COMPLEXES. Fluo complexes are most characteristic of 
aluminum and gallium. Chloro .and bromo complexes are better 
characterized with the heavier elements. lodo complexes are almost 
unknown. 

**• W. Diltlioy nnd F. . 1 . Sc-huinuclicr: Avn., 344 , ;?00 (1906). 
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A niimhcr of fluoaluminates can be distinguished, but all may be 
described l)y the general formula M,'[AltF..]d^® Structurally, these 
are all based upon AIFc octahedra. This is best illustrated for com¬ 
pounds of type formula Ma'IAlFs], the structure of the ammonium 
compcjund, for example, amounting to discrete AlFe”* octahedra with 
ions at the midpoints of the edges and at the centers of the cubic 
unit cells. The structure of cryolite, NajfAlFsl, is similar, each Na'*’ 
ion having six F~ ion neighbors in the lattice. The mineral cryo- 
lithionite, NaaTisAhFu, also has the 6F:1A1 ratio. The AlFe octa¬ 
hedra may share corners with each other (but not edges because of 
the highly charged central Al"^^ ions) to give compounds of other 
stoichiometries. Thus if two opposite corners of each octahedron are 
shared, a chain structure of composition'' (A1F6)„"*'‘ is formed. This 
is characteristic of compounds such as TljAlF^. Sharing of all four 
equatorial fluorine atoms of each octahedron gives a layer structure of 
composition AIF^, which is characteristic of the thallium(I), ammo¬ 
nium, and alkali metal salts, M*AIF 4 . Combination of these tsvo 
situations gives even more complex structures. For example, in the 
mineral chiolite, NasAljFn, layers of composition AIjFh are built up 
of AlFj octahedra, one-third of which share four corners and two- 
thirds of which share two corners. The majority of the known 
fluoaluminates are of the type Mj'fAlFe]. An x-ray study has shown 
that the only sodium fluoaluminates precipitated from aqueous solu¬ 
tion are cryolite and chiolite/’® the sodium ion being too small to 
give tetra- or penta-fluo structures. Fluogallates of the types 
Ms'lGaFfiJ xH^O and M"(GaF 4 (H 20 )]- 6 Hj 0 have been described. 

Chloroaluminates of the type M'lAlCb] are obtainable from fused 
melts or from solutions of the chlorides in benzene but not from aqueous 
solutions. Gallium forms similar compounds, but indium gives 
(i-foordiuate compounds. Ma'tlnCleJ-xHiO. Thallium gives com¬ 
pounds of the types M‘[TlCl4], Ma'[TlCls], Ms'lTlCU], and Mj'lTliCI#]. 
all of which are hydrated. The TICIr’ group is octahedral.”* The 
TiiClr’ group is of particular interest in that it is formed of two TlCh 
octahedra, with the three chlorine atoms of one face held in com¬ 
mon *” The structure is like that of the WjCIs"’ ion (p. 272) and 
probably involves thallium to thallium bonding. 


A. F. Wells: Structural Inorganic Chemialry, 2nd Ed., pp. 304-306. 
don Press, Oxford (1950). 

no J. M. Cowley and T. R. Scott: J. Am. Chem. Soc., 69, 2596 (1947). 
**' J. 1>. Hoard and L. Goldstein: J. Chem. Phys., 3, 645 (1935). 

»** H. M. Powell f^nd A. F. Wells: J. Chem. Soc., 1936, 1008. 
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Solid bromoaluminates, M'[AlBr 4 l, are obtainable by crystallizaUon 
from benzene or toluene or by direct reaction of the component halides 
in the absence of water. Bromo complexes of the heavier Group Illb 
elements are comparable to the chloro compounds. A few iodo com¬ 
plexes are known with thallium. Thallium halides of compo.sitions 
TIX 2 and TljXj are really thallium(I) salts of halothal!ate(!II) ions, 
e.g.,TllTlXd, TUlTlXs]. 

CHELATED OXY COMPOUNDS. These are almost all fi-coordinatc com¬ 
plexes. The /3-diketones yield stable inner complexes (p. 270) with 
aluminum, gallium, and indium 



These are crystalline compounds which melt at comparatively low 
temperatures (192®C., 194®C., 186®C., respectively, for M = Al, Ga, 
In) and vaporize without decomposition. They are difficultly soluble 
in water but dissolve in alcohol, benzene, and other organic solvents. 
The compounds are monomeric both in the vapor state and in solution. 
Three different crystal forms (a, and 7 ) are distinguishable, a for 
M = Al, Ga; )3 for M = Ga, In; and 7 for M = In.*“ Thallium 
dialkyls give compounds of the type‘*‘ 



(compare gold, p. 843). Acetoacetic ester, diethylmalonate, etc., give 
similar, but less stable, compounds with these elements. 

Polyhydric alcohols do not yield compounds comparable to those 

**« G. T. Morgan and H. D. K. Drew: J. Chem. Soc., 119, 1058 (1921). 

R. C. Menzies and E. R. Wiltshire: J. Chem. Soc., 1932, 2604. 
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formed by boron, 
complex 


However, the diphenol catechol gives an aluminum 
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which is said to have been resolved with strychnine.'** 

A variety of aluminum lakes of comparable structures are known. 
Better characterized arc the taimplexes derived from the lower 
dicarbuxylic acids. Thus trioxalato salts, M^'[^I“'(C 204 ) 3 ]' 2 ;H 20 
(M"' = Al, Cla, Tl), and dioxalato salts, M'[In(C20d2(H20)2]'^H20, 
are particularly common. The trioxalato salts are very similar to 
those of iron(in}, cobalt(IH), and chromiumdll) in crystallographic 
properties and modes of preparation.'^^ Reports of the resolution of 
the aluminum'^* and gallium'^" derivatives must be regarded with 
some skepticism in view of the probable ionic characters of the bonds 
and particularly in view of the isotopic carbon exchange studies of 

Long'"'(p-2G0). . 

Clielate rings iiu’olving oxygen and dotior nitrogen characterize the 

8 -quinolinol and snUstituted 8-quinoiinoI chelates of these elements, 
the fundamental structnres being 



Af - VI On In Tl. These are yellow cry.stalline compounds which 

!!e^„^,lnb. in’water hut dissolve in chloroform to gb. solutions 
useful for the colorimetric determination of the metals. 

, 3 . W D. Trca.Iwrll witii G. Szal.ado- h.hI K. Hainmnn: //./.'■ tVwm. 16. 


Jr., ana K. M- Jonca: Inorgan,c Synthes,s, VoL 
McGraw-Hill Itook Co., New York (lUJO). 

i» P Neoci an.l N. K- DutC J. ln,Uan Chnn. Sor., 16, 83 (I )• 

F. I-OMk: -tm. Chern. Sor 63. 1353 (^n. 

hit. Mo.‘Il<'r: /«</. Eng. them., 

T Morib-r anH J- Cohm: And. them.. 22, 

H. T. Morllcr nna A. J. Cohen: J. .Im. CAem. .S«r.. 72. 3546 (1950) 
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ThalUum(I) Compounds 

The only well-characterized series of compounds of unipositive ele¬ 
ments in this family are those of thallium. These arc commonly 
more stable than the thallium(III) materials (Table 17-2), particularly 
in the ionic condition The thalliura(I) ion resembles both the alkali 
metal ions and the silver ion in its properties. Thus, like the alkali 
metal ions, it forms a soluble, strongly basic hydroxide, and a soluble 
carbonate, oxide, and cyanide. On the other hand, like the silver ion, 
it gives a very soluble fluoride but difficultly soluble other halides and a 
difficultly soluble bromate, iodate, and sulfide. The nitrate, sulfate, 
chlorate, and perchlorate are all isomorphous with the corresponding 
potassium compounds. 

SOME SPECIAL PHASES OF BORON CHEMISTRY 

Although many of the peculiarities of boron chemistry are apparent 
from the foregoing discussions, there are certain other phases which 
are best considered as special topics. Those chosen for discussion here 
embrace the borides, the boron hydrides and their derivatives, com¬ 
pounds containing boron-nitrogen linkages, the oxy acids of boron and 
their salts, and cationic boron. In conjunction with the discussion of 
boron hydrides, pertinent information about analogous aluminum and 
gallium compounds is given also. 

Borides 


The name boride is properly restricted to a binary compound of 
boron with a less electronegative element (i.e., a metal most com¬ 
monly). Binary compounds with hydrogen (pp. 774-778), the halo¬ 
gens (pp. 744-749), oxygen and sulfur (pp. 752-754), nitrogen (pp. 
757-758), and carbon (pp. 697-699) are thus not considered borides. 
As shown by the summary in Table 17-7, the majority of the known 
borides are those of the transition metals. Except in isolated cases, 
the compositions depart from the required stoichiometries for com¬ 
pounds containing trinegative boron and are apparently determined 
more by the requirements of metal and boron lattices than by valency 
relationships. Most of the borides have metallic properties regardless 
of the metals from which they are derived. It appears, therefore, 
that systematic classifications such as were used for the metal hydrides 
(pp. 404-406), nitrides (pp. 578-580), and carbides (pp. 696-697) 
cannot be made on the basis of existing information. It seems rea¬ 
sonable, however, to regard the majority of the borides as interstitial 
n^rials. On the basis of compositions, they may be classed as 
mb, mb,, mb*, mb,, M,B, M,B,, and M,B, types. Such a classifi- 
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cation has some basis in structural arrangements as well. Borides are 
useful as abrasives, refractories, and electron emitters. 

Structures of the Metal Borides. Detailed structural information is 
available for specific borides of the types MB, MBs, MB 4 , and MBg. 
In the boride FeB, the boron atoms lie at the centers of trigonal prisms, 
each formed by six iron atoms, the Fe—B distance being ca. 2.15 A.*** 
However, each boron atom is close enough to two other boron atoms 
(1.77 A) to be bonded to them covalently, and the boron atoms are 


Group 

I 

CutB} 


TABLE 17-7 

Compositions of Reported Metal Borides 
Group Group Group Group Group Group 


II 

MgjBt 

CaBi 

SrB, 

BaBt 


III 

AlBt 

AlBjt 

YB. 

LaBi 

CeB« 

CeB, 

PrB, 

NdB. 

SmB« 

GdB, 

ErB« 

YbB, 


IV 

SiB, 

SiB, 

TiB 

TiB, 

ZrB 

ZrB, 

ZriBi 

HfB 

HfB, 

ThB«* 

ThB/ 


V 

VB 

VB, 

NbBt 

TaB, 


VI 

CrB 

CrB, 

CrjBj 

MoBi 

MoiBi 

WB 

WB, 

UB,* 

UB/ 

UB,i* 


VII 

MnB 

MnBi 


Group 

VIII 

FejB 

FeB 

Co,B 

CoB 

CoBi 

Ni,B 

Ni»B. 

NiB 

NiBi 

Pt,B 


• Inrlusion ii. thosn poriorlio groups for convenier.ce only. 

thus •..rnnoocl in chains throughout the solid material. It is 

norim,nohahle that other compounds of the same compos.t.on have 

of r number of borides of the type MB, have been 

— ::::a S r::: ::r 

::rht:;:ot:rh;^t« .mple hcvagona, .auices..j 

...c Coltfrici and K. Schossborgor (Kd.,. SOruUurUnM. Vol. , P- 

^gademiscbc Vcriogsgoscn.scbaft 

:;;i‘ T'‘;t:;omTB?urenthX .;nd S.'j. Sindeband. /. wrtofs, 1 (No, 10). 

Tran$., 749 ( 1949 ). 
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The tetraborides, CeB«, ThB^, and UB* crystallize in the same type 
of lattice.'*® The metal atoms are coplanar, each having five neigh¬ 
bors in its plane, with two neighbors in adjacent planes. Holes 
between the layers of metal atoms are filled with boron atoms, part of 
the boron atoms being bounded by six metal atoms at the comers of a 
trigonal prism (the MBj structure) and the others being grouped 
together as octahedra, each bounded by metal atoms at the corners of 
square prisms (the MB# structure). 

Borides of the type MBs are quite generally isomorphous. These 
materials have cubic structures of the cesium chloride type,*^®' the 
boron atoms lying as octahedral B« groups in the centers of cubes of 
metal atoms. It appears also that the B# octahedra are arranged 
cubically in the crystals of at least the lanthanide compounds.'^* 
The metal atoms are not bonded to the boron lattices, making the 
structures completely interstitial. The metallic conductances shown 
by the compounds must thus be due to the presence of mobile valence 
electrons as in the metal lattices themselves. Magnetic studies of the 
lanthanide element hexaborides*** show the metals to be effectively 
tripositive. 

Data on borides of other types are apparently lacking, but the gen¬ 
eral similarities between the properties of these compounds and those 
of the MBj, MB 4 and MBe types suggest similarities in structures. A 
possible exception may lie in the M|Ba type borides since these com¬ 
pounds could contain B“* groups. That the magnesium compound 
MgjBj reacts readily with water and acids, whereas borides of other 
types are notably unreactive (p. 813), may be cited as evidence in 
indirect support of this possibility. Accoring to Kiessling,metal 
boride structures are characterized by the following boron atom 
arrangements: isolated boron atoms (MjB type); zigzag boron chains 
(MB type); double boron chains or fragments of nets (M»B 4 type); 
hexagonal boron nets (MB, type); and three-dimensional boron frame¬ 
works (MB( and UBi, types). In any event, available data are in 
general accord with Hagg’s contention that simple interstitial boride 
structures can be formed only from metals with dense crystal structures 


A. Zalkin and D. H. Templeton: J. Chan. Phys., 16, 391 (1950). 

“• G. Allard: BuU. aoe. ehim. (4), 61, 1213 (1932). 

M. von Steckelberg and F. Neumann: Z. phyaik. Chem., B19, 314 (1932) 

(19327 Stackclberg: Z. phyaik. Chem., B19, 32l 

"♦R. Kieasling: J. EUdrochem. Soc., 98 . 166 (1951). 
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(cubic or hexagonal close-packed).^®* For such cases, the radius ratio 
(Rb:Rm) is less than 0.59. 

Properties of the Metal Borides. As a class, the metal borides have 
the high melting points, extreme hardnesses, and high electrical con¬ 
ductivities characteristic of the interstitial nitrides (pp. 579-580) and 


Boride 

CaB« 

SrB« 

BaBi 

YB. 

LaBi 

CeB( 

NdB< 

GdB« 

ErB, 

YbB, 

ThB, 

CeB* 

ThB* 

UB« 

TiB, 

ZrB, 

VB, 

CbBt 

TaB, 

WB, 

ZrB 

HfB 

OB 

WB 

MnB 

FeB 

CoB 

03 * 

ZrjB« 
Mo«B 


TABLE 17-8 
Properties of Certain Metal Borides 


Density, grams/cc 
2.43 (15*C.) 
3.28 (15X.) 

4.36 (15"C.) 
3.72 (15*C.) 
4.61 (15*C.) 
4.69 (15*C.) 
4.68 (IS^C.) 
4.65 (15"C.) 
4.61 (15*C.) 

4.37 (15*C.) 

6.27 (15*C.) 
5.74 

8.45 

9.38 

4.0 (15“C.) 
5.64 

5.28 (15“C.) 
6.4 (15*C.) 

11.0 (15"C.) 
10.77 


6.1 (15*C.) 

6.12 (15*C.) 
7.15 (18"C.) 
7.25 (IS^C.) 
6.14 (15"C.) 
5.97 (15’C.) 

7.1 


Melting Point, *K. 


Hardness, Mohs’ Scale 
ca. 9'*^ 

ca. 9* 


ca. O’*" 


3265 ± 50 
3335 

3195 ± 50 


ca. 8-9 


ca. 8* 
9+ 

8 

9+ 

9+ 

9+ 

9+ 


8 

ca. 7-8 
ca. S* 

8 

9* 


carbides (pp. 099-700). Although these ^ 

,aracter.tic or the re raetory hor.^^ ^^jHe 

C.roups IVa Va, and V ' 7 apparent from 

m hardness, many borides 

approach the diamond quite closely. 

»• K. Becker; Phys . Z ., 84 , 185 (1933). 
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The metal borides are characterized by general chemical inertness 
toward non-oxidizing acids {MgiBi, MnB are exceptions). Many are 
stable in air even to comparatively high temperatures. Strong oxi¬ 
dizing agents such as chlorine, fluorine, nitric acid, or hydrogen 
peroxide cause decompositions in most cases. The compounds are 
particularly susceptible to attack by alkaline materials, especially by 
fused alkalies under oxdizing conditions (e.g., with NaiOi, PbOi)- 
The inertness of the MBe-type borides is striking, particularly in 
comparison with the ease with which nitrides and carbides of these 
same elements are hydrolyzed. Thus these compounds are not 
attacked by acids such as hydrochloric, hydrofluoric, or dilute sul¬ 
furic, although they are decomposed by hot concentrated sulfuric acid 
or nitric acid. 

Preparation of the Metal Borides. Borides have been obtained by 
direct combination at elevated temperatures (1800 to 2200®C.) and 
preferably in vacuo, by reaction of metals with the vapors of boron- 
containing compounds at elevated temperatures, by thermal reduction 
of mixed boric and metal oxides with carbon, by reduction of mixed 
metal and boron halide vapors with hydrogen on heated metal fila¬ 
ments, or by electrolysis of fused borates. The last procedure, that 
of Andrieux,^^- has been the most generally successful. It involves 
electrolytic decomposition of a fused bath prepared either from a 
borate of the metal in question or from a mixture of boric and metal 
oxides and containing the fluoride or chloride of the metal to enhance 
fluidity and conductivity. Magnesium compounds are sometimes 
included also. According to Andrieux, electrolysis liberates the metal, 
part of the metal then reducing the boron compounds to elemental 
boron and the remainder combining with the liberated boron. When 
magnesium compounds are present, it is assumed that liberated 
magnesium reduces the boron materials. Purifications are effected 
by leaching with acids or by strong heating in locuo. 


Boron hydrides and their derivatives 


M perhaps the classic examples of compounds of the electron 
deficient type, the boron hydrides have been studied extensively both 
from the point of view of their structures and with regard to their 
physical and chemical characteristics. The pioneering researches of 
btock have, to a very great extent, governed subsequent iuvestiga- 


h. Andrieux; Ann. chim. [101, 12, 463 (1929). 

mi' 210 (1949). 

{imt ^ Cornell University Prrss. ithnea 
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tions, and many of the elegant techniques developed by Stock are still 
employed essentially without change. Later studies have been con¬ 
cerned largely with problems of structure, development of better 
preparative techniques, and evaluation of the properties of derivatives 
of the boron hydrides. Some concept of the tremendous interest in 
this general field is given by the volume of available literature. Of 
the many pertinent papers, a number may be consulted with particular 
profit.The preparation of formally similar electron-deficient 
alumin.'ini^*'^®^ and galliura^®’^*’'^®* compounds (p. 742) has provided 
added interest. 

The Boron Hydrides. Characterized volatile boron hydrides, 
together with certain of their physical constants, are summarized in 
Table 17-9. Other volatile hydrides have been reported, e.g., B«Hu 


TABLE 179 

Physical Properties of Volatile Boron Hydrides 


Molecular 

Formula 

1 

MeltiDg 

Point, 

•c. 

1 

Boiling 

Point 

•c. 

Density 
grams/ml. 

1 

B<H. I 

1 

1 

-ir,5 5 

-92 5 

0 4698* 
(-120.4*0.) 

BiH.o 

-120 

18 

1 

0 50 
(-35*C.) 

BiBi 1 

1 

- 45 6 

48 

0 64C8* 
(-4 )*C.) 

BiHii 1 

B«Hio 

- 123 

- 65 

63 

0 69 
(0*C.) 

1 

1 

1 

99 7 

1 

213 

0 78 
(100*C.) 


• More exteneive dat* are available Iroro S. 


Viscoeity 
of Liquid, 
iinlli]>oisce 

Surface 

TcMion, 

dyncs/cm. 

Common Name 

2 10* 

18 6* 

<jibarane 

-120 4*C) 

1 (- I21.6®C.I 

1 

tclrahorane 

4 17* 

24 5* 

stable pentaborane 

(-4 l*C.) 

(-3 6*C.) 

1 

unstable pentuboruno 
hexaborane 

1 

i 

decaburaoe 


H. Smith and R. R. Miller: J. Am. Chtm. S«c.. Tl, 


1452 (1950). 

(p 794),-' and B,H,. on the basis of m.n.ss spectoRraphic data for a 
sLple of the hydride B.H„ which had been stored for some time a 
_78»c However, no hydride other than those listed m Table 
17 9 has been definitely characterized. Known compounds may be 
Lsird I l^oranes, type formula B.H..., or dfAydrohormies, type 


... A. J. E. Welch: J. See. CTem. Ind.. 68. 069, 037 (1030). 

H. J. Emeldus: Ann. flrporf. 37, 138 (lOtO). 

1..H. I. Schicsinger and A. B. Burg: them. RccJ.. 31, 1 (1012). 
1«S. H. Bauer: Chem. Rfi's., 31. 43 (1942). 

i«« K. Wil)crg: Ber., 77A, 75 (1944). no noig) 

K. P. Bell and H. J. Kn»el6us; Quart. Revs , 2, 132 (K148). 

E Wiberg: iStfr., 69B, 281G (1936). 

F. J. Nurtoii: J. Am. Chan. Sac., 72. 1849 (UjO). 
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formula No examples of type formula are known. 

Decompositions of the lower molecular weight volatile boron hydrides 
yield non-volatile colorless or yellow solid boron hydrides which 
range from (BHi.j), to (BH), in stoichiometries*”-*” With alumi¬ 
num, the polymeric hydride, (AlHa),, has been obtained in ether 
solution.*” and as a solid,** but no simple hydrides are known. For 
gallium, only the hydride GajH« (m.p. —21.4®C., extrapolated b.p., 
139®C.) is known.**-*® 

The chemical behavior of diborane is commonly considered to be 
representative of those of the other boron hydrides, and many dis¬ 
cussions and studies have thereby been limited to that compound. 
Although the characteristics of the higher hydrides are markedly like 
those of diborane, there are some significant differences. The chem¬ 
ical behaviors of the gallium and aluminum hydrides have not been 
elucidated completely, but these compounds decompose to the free 
elements at elevated temperatures and appear to resemble the boron 
hydrides in general. At red heat, all the boron hydrides decompose to 
boron and hydrogen. At lower temperatures, decomposition gives 
other boron hydrides. The most stable of the hydrides are stable 
pentaborane (BjHj), which undergoes only very slow decomposition 
even at 150®C., and decaborane (BioHi4), which is stable at 150*C. 
but decomposes appreciably at 170®C. Unstable pentaborane (BsHu) 
decomposes rapidly at room temperature, and, even at — 78®C., it is 
slowly transformed into higher homologs. *•* Tetraborane is somewhat 
more stable toward thermal decomposition, but hexaborane decom¬ 
poses quite rapidly at room temperatures. Diborane gives stable 
pentaborane and decaborane at 100" to 150*C., but it can be stored at 
room temperatures for prolonged periods without undergoing exten¬ 
sive decomposition (ca. 10% in a year). 

All the boron hydrides react with oxygen, usually to give dark- 
colored products of undetermined compositions, but the rates and 
vigors of the reactions differ widely, Diborane and tetraborane may 
remain for some days in contact with air or oxygen at room tempera¬ 
tures without inflaming, but their kindling temperatures are only 
slightly above room temperature. The pentaboranes are spontane¬ 
ously inflammable in air at ordinary temperatures. Hexabo ane 
reacts slowly at room temperatures, and decaborane inflames only at 
elevated temperatures. Traces of the silicon hydrides or boron alkyls 
increase the reactivities of the boron hydrides toward oxygen. Reac- 

A. Stock and W. Mathing: Btr., S9B, 1469 (1936). 

and H. I. Schlesingor; J. .4Mt. Chnn. Snc.. 69, 1199 

(iy47). 
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tions with halogens parallel those with oxygen rather closely as regards 
rates. HaIog(Miated boranes are formed (e.g., from BjHe). 

Reactions of the hydrides with hydrogen halides or, in some cases, 
boron trihalides give the same products. Stable pentaborane and 
decaborane are unaffected by hydrogen chloride or boron trichloride. 
Reactions \^ith hydrogen give other boron hydrides. 

The boron hydrides are hydrolyzed by water, the ultimate products 
being hydrogen and boric acid. With diborane, the reaction is 
instantaneous; with tetraborane and unstable pentaborane, it is 
slower at room temperatures; and, with the others, it is complete 
only at elevated temperatures. Room temperature hydrolyses of 
stable pentaborane and hexaborane yield reducing solutions of sub- 
boric acid (p. 813). Reactions with alkaline solutions often yield 
hypoborates (p. 812), as, for example, 

BiHio + 4KOH -» 4KOBH, + Hi 


Ammonia yields stoichiometric compounds with most of the boron 
hydride.s (e.g., B2H6'2NH3). These are discussed in a subsequent 
section (pp. 779-780). 

Other important reactions of diborane are (1) formation of alkyl 
and aryl boron compounds by reaction with hydrocarbons or organo¬ 
boron compounds, (2) formation of a series of borine (BHj) addition 
compounds by reaction with strong electron pair donors, (3) formation 
of metal derivatives (e.g., NaiBjHa) by reaction with amalgams, and 
(4) formation of borohydrides by reactions with metal alkyls. Addi¬ 
tional information on some of these reactions is given below. 

Although general procedures for the preparation of the boron 
hydrides have been outUned in conjunction with the discussion of 
hydrides (pp. 409-410), some additional and more specific details are 
essential. The classic procedure of Stock'” involves dropping 
powdered magnesium boride into 10% hydrochloric acid in a container 
through which hydrogen is circulated. Better results are obtame 
with 8 N phosphoric acid at 70'‘C.‘’'> The gaseous mixture, consisting 
largely of hydrogen with small quantities of boron hydrides, silicon 
hydrides, phosphine, etc., is condensed in a liquid nitrogen trap and 
then fractionated. By a series of fractional distillation and fractiona 
condensation processes, the individual boron hydrides arc separated. 
Unfortunately, yields are low (never above 11%), and the procedure 
is cumbersome and time consuming. Even the preparation of suit¬ 
ably active magnesium boride samples (from boric oxide and mag¬ 
nesium) is troublesome. The mechanism of the hydrolysis reaction is 

a..d probably a variety of side react,ons reduces the 

11. I). find J. E. Mill": J - 
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overall yield. Because of its reactivity with aqueous solutions, 

diborane is not a product of this process. 

Although diborane was obtained originally by thermal decomposi¬ 
tion of tetraborane, a number of direct procedures for its preparation 
are now available. Passage of mixture of boron trichloride vapor and 
hydrogen (Hj:BCli mole ratio = 10:1) at a total pressure of 5 to 
10 mm. through an electric discharge gives a mixture of hydrogen 
chloride, the monochloro derivative of diborane, and traces of diborane 
together with unchanged boron trichloride and hydrogen.*^* Frac¬ 
tionation at — 120*C. gives a mixture of the chlorides BClj and BiHsCl. 
At 0*C. and 2 atm. pressure, rapid decomposition 

6B,H,C1 5B,He + 2BC1, 

occurs, the diborane then being removed readily by fractionation. 
The yield is some 55%. Substitution of boron tribromide improves 
the process because the decomposition of the compound BjHjBr is 
more nearly complete.*’* Treatment of lithium aluminum hydride 
(p. 786) with boron trichloride in anhydrous diethyl ether gives 
diborane in quantitative (99.4%) yield *•* in terms of the equation 

SLiAlH. + 4BCl,-> 3LiCl + 3A1C1, + 2 B 3 H, 

Other reactions which have been found useful for the preparation of 
diborane in high yields are indicated by the equations*’* 

3LiH + BF,-> 3LiF + iBjH» (40-70%) 

3 NalHB(OCH,)3l + 4BFi -» SNaBF* + 3B(OCH,), ^BjH, 

3NaBH4 + 4BFj — SXaBF^ -t- 2B,H« (99%) 

All these reactions are run in diethyl ether solution and probably 
depend upon the acidic properties of boron trifluoride. The last reac¬ 
tion is particularly rapid and useful,. The compound XalHB(OCH,),l 
is formed as a stable product when trimethyl borate and sodium 
hydride are refluxed in ether. Reduction of boron trihalides w'ith 
hydrogen over metals such as aluminum, magnesium, zinc, or sodium 
at elevated temperatures gives both diborane and its monohalo 
derivatives.*’* Diborane also is obtained when gaseous boron tri¬ 
halides are reduced with sodium or calcium hydride.*’* 


H. I. Schlesinger and A. B. Burg: J. At«. Chtm. Soc., 53, 4321 (1931). 

»’* A. Stock and W. SUtterlin: Ber., 67B, 407 (1934). 

H. C. Brown, H. I. Schlesinger, ct al.: Paper presented as u portion of the 

Symposium on Hydrides, 110th National Meeting of the American Society 
September 1946. ‘ 

D. T. Hurd: J. Am. Chtm. Soc., 71, 20 (1949). 
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Higher boron hydrides are obtained by thermal decomposition of 
diborane. Thus unstable pentaborane is formed when diborane is 
heated in a U-tube at 115®C., whereas mixtures of stable and unstable 
pentaboranes are obtained when diborane at an initial pressure of 
120 mm. is passed through a tube at 250® to 300®C. by means of a 
circulating pump.”®*^’® Increasing the temperature decreases the 
quantity of unstable pentaborane present. Although small quantities 
of hexaborane are produced in these hot tube procedures, this hydride 
is better obtained by acid hydrolysis of magnesium boride. Heating 
diborane in a sealed bulb at around 160®C. gives decaborane, as do 
thermal decompositions of tetraborane and unstable pentaborane. 
Tetraborane is obtained by reaction of hydrogen with unstable penta¬ 
borane at 100®C. as*’^ 


BsHit + H2 —* B4H10 + jBjHs 

The mechanisms of these interconversion reactions should be inter¬ 
esting. 

Passage of mixtures of aluminum trimethyl dimer (p. 7*13) and 
hydrogen (1; 150 to 1:400 mole ratio) through a glow discharge gives 
the volatile compound AliHifCHs)*, which on treatment with tri- 
methylamine and subsequent heating yields polymeric aluminum 
hydride as a white solid.^' The polymeric hydride can be obtained in 
ether solution by reaction of aluminum chloride with either lithium 
hydride or lithium aluminum hydride in that solvent.*” Spontaneous 
precipitation or evaporation gives the solj^ polymer. Reaction of 
gallium trimethyl with hydrogen in a glow discharge gives the liquid 
compound Ga^HsfCH,)^, which reacts with triethylamine at room 
temperature to form the hydride Ga^H. plus an addition compound of 

gallium trimethyl.”*” . j ■ *- ti,r> 

Derivatives of the Boron Hydrides. Among the derivatives of I c 

boron hydrides which can be discussed to advantage are the alk.vl 
diboranes, the ammonia “addition” compounds, the bonne coordina¬ 
tion compounds, the borane salts, and the metal borohydrides 

slkvl didoranes. Reaction of diborane with boron trimethvl a 
room temperature yields four methyl dejiv^ives of diborane wh.c 

have been shown by hydrolysis studies to be CHjBiHs, l.I- CIli): . ■ 

and Four analogous ethyl 

in A R Hurg an.l K- I- St hlesingrr: J. A>n. Chan. S.>r., 66. 10(V.) (ItKUt- 
n« A. Stork and VV. Mathing: fhr., 69B I 15(1 (lUdO). 

H. I. Srhlcingrr and A. O. Walker: J. 67. (.21 
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derivatives have been prepared also as have the 
the 1.1-di-n-propyl compounds. Symmetrical 

in the reaction of the monomethyl compound with dimethyl ether. 
These compounds are similar to diborane in their reactions with air 
and moisture but are more stable toward decomposition by loss of 
hydrogen. Those with two alkyl groups attached to one boron appear 
to be more stable than those with but a single alkyl group so attached, 
and are formed at the expense of the latter. It is more significant, 
however that no alkyl derivative with three groups attached to one 
boron has been obtained. This suggests that two hydrogen atoms in 
diborane are different from the others and are essential to the stability 

of the boron-boron bond (see pp. 786-793). 

AMMONIA “addition” COMPOUNDS. Reactions of boron hydrides 
with ammonia at low temperatures yield a series of so-called addition 
compounds, of which the materials BaHe*2NHi and B6H9*4NH> are 
the most stable and the most important.*” The diborane derivative 
forms only under carefully controlled conditions (reaction of diborane 
with solid ammonia at -120"C., followed by removal of excess 
ammonia by sublimation at -100“C.). It is apparently but one of a 
series of ammoniated products because studies’’® on solutions of dibor¬ 
ane in ammonia show the presence of materials of compositions 
BiHfl-xNHj. 

These compounds are salt-like solids. The “diammoniate** of 
diborane gives conducting solutions in liquid ammonia which, upon 
electrolysis, evolve hydrogen at the cathode. The ionic structure 
(NH 4 )j+[BaH 4 l“* has been suggested as compatible wth observed 
behavior.*®® However, one equivalent of sodium liberates but one 
equivalent of hydrogen from one mole of the compound dissolved in 
liquid ammonia.*®® Furthermore, the compound is readily converted 
into compounds containing B—N linkages (pp. 795-807). These 
behaviors are consistent with formulation of the compound as a mono¬ 
ammonium salt, 

H 

N : BH, 

H 

H. I. Schlesinger, N. W. Flodin, and A. B. Burg: J. Am. Chem. Soe., 61,1078 
(1639). 

G. W. Rathjens and K. S. Fitter: J. Am. Chem. Soc., 71, 2783 (1949). 

*« H. I. Schlesinger and A. B. Burg; J. Am. Chem. Soc., 60, 290 (1938). 
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the extra electron essential to this structure being provided by the proton 

H 


forming the ammonium ion. Existence of the radical 


H,B : N : 


H J 


which may be regarded as an intermediate in the formation of the 
“diammoniate,” is well established.The observation that only six 
hydrogen atoms per mole (i.e., those linked to nitrogen) undergo 
exchange when the compound is treated with deuteroammonia (NDj) 
offers independent support for such a structure.'** Other “ammo- 
niates” probably have similar structures. 

BORINE COORDINATION COMPOUNDS. Although the borine radical 
(BH 3 ) is not obtainable by thermal dissociation of diborane, its acidic 
characteristics are so pronounced that treatment of diborane with 
many compounds which contain strong electron-pair donor atoms 
ruptures the boron to boron link and gives borine coordination com¬ 
pounds of the general composition A:BH} (A = donor molecule).'** 
Thus trimethylamine, even at — llO^C., converts diborane quantita¬ 
tively into trimethylamine borine, {CH 3 ) 3 N:BH 3 , a white solid (m.p. 
94*C., b.p. 171°C.) which is stable in dry air but is hydrolyzed by 
hydrochloric acid into boric acid, hydrogen, and trimethylammonium 
chloride.'** Some of the higher boron hydrides yield the same com¬ 
pound with trimethylamine.'** Pyridine yields at O^C. a compound 
which apparently has the structure C 6 HsN:BH 3 .'** Methyl cyanide 
gives the compound CHsCX^BHs at — 80®C.'** Phosphine gi\es a 
materia! of formal composition B 2 Hs- 2 PH 3 at —110 C.,'"* but this 
compound does not behave as an analog of the diammoniate (p- 
779) Its ready conversion to trimethylamineborine and phosphine 
suggests the structure to be H 3 P:BH 3 . Dimethyl ether forms the 
etherate (CH 3 )iO:BH 3 as a solid which dissociates reversibly to the 
reactants even at very low temperatures (e.g.. dissociation pressure 
of 18 mm. at -78 5®C.).'** Borine carbonyl, OC;BHa, forms when 
diborane is heated with carbon monoxide at 100“C. under some 20 
atm pressure.'** The compound decomposes to the reactants at 
room temperatures but is stable at low temperatures (m.p. - bY-O’C., 
extrapolated b.p. -(H^C.). Carbon monoxide is replaeed by tn- 
methylamine, and the compound is hydrolyzed by water to hyilroRcn, 
carbon monoxide, and boric acid. Similarities to the metal carboY''* 
(pp. 700-711) are formal rather than actual. Electron dilTriu ion 


!•' A B Bure* J. Am. Chem. Soc., 69, 747 (1947). 

A. b! Burg and H. I. .‘H-hlcingcr: J. Soc 

•»» E. L. Gamble and P. Uilmont: J. Am. Chem. Soc., 62, 717 (1940). 
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data for borine carbonyl have been interpreted in terms of resonance 
structures of the types*®* 


H 
• • 

H : B : C: 




• • • * * 

H : B ; C::0 : 





H : B_::C::0 : 
H+ 


H : B_::C : 0 : 
H+ 


BORANE SALTS. Reaction of diborane with amalgams of metals 
such as sodium, potassium, or calcium yields so-called borane salts 
of general composition Mi'BjHe.®®’*®® The diamagnetic properties 
of these compounds*®® preclude use of the simple formulation M'BH*. 
These are non-volatile solid compounds, which are insoluble in liquid 
ammonia and organic solvents but are decomposed by water to hypo- 
borates (p. 812). They are sufficiently stable thermally to be 
freed of residual mercury by distillation, and the sodium and potassium 
compounds can be sublimed in vacuo (with some decomposition) at 
400®C. Reaction with hydrogen bromide yields hydrogen and tetra- 
bromo compounds, e.g., KiBjHiBr«. The properties of these com¬ 
pounds are consistent with ionic structures, i.e., Mj+[BjHel“*, the 
stability of the [BtH#]”* ion being expected because of its structural 
similarity to ethane. Tetraborane and stable pentaborane yield, 
respectively, the rather similar but less stable compounds Mj'B^Hio 
and Mj’BsH#.*®’- ‘®® The existence of these materials as a separate 
class of compounds is somewhat questioned, however, by an observa¬ 
tion*®* that the sodium compound*®* gives the same x-ray diffraction 
pattern as sodium borohydride.**® It seems probable, therefore, that 
these materials are really borohydrides, although previously obtained 
data are difficult to reconcile with this conclusion. Further investiga¬ 
tions are indicated. 


‘«S. H. Bauer: J. Am. Chem. Soc., 69, 1804 (1937). 

*“ A. Stock and E. Pohland: Ber., 69, 2210 (1926). 

*“L. Klomm and W. Klomm: Z. anorg. allgem. Ck^rn., 226, 258 (1935). 

*•* A. Stock, F. Kurzen, and H. Laudenklos: Z. anorg. allgem. Chem., 226, 243 
(1935). 

‘**A Stock and H. Laudenkloa: Z. anorg. allgem. Chem., 228, 178 (1936). 
nolo! ^ b. V. McCarty, and A. E. Newkirk: J. Am. Chem. Soe., 71, 2583 

**• A. M. Soldate: J. Am. Chem. Soc., 69, 987 (1947). 
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METAL BOROHYDRIDES AND RELATED COMPOUNDS. CoiTipOUnds of 

the type (M+'' = Na,”'K,*“ Mg,»* 

(CH3):Oa,'” Zr,»« Th.*’« U{IV),‘«s) are called boro- 

hydrides. The numerical properties of certain of these compounds 
are svimmarized in Table 17T0. The alkali metal compounds arc 
salt-like in character, but the others are not, covalent character increas¬ 
ing in general with increasing electronegativity of the metal present. 
The thorium compound is more salt-like than those of the other heavy 
metals. An outstanding characteristic of all but the alkali metal 
compounds is extreme volatility. No other known compounds of 
these metals com.pare in volatilities. 

The alkali metal compounds are stable in dry air. The more cova¬ 
lent borohydridcs of beryllium, aluminum, hafnium, and zirconium, 
however, burn spontaneously in contact with air. The borohydridcs 
are strong reducing agents, reducing strength apparently increasing 
as electronegativity of the metal increases. This is ascribed to an 
increa.sing tendency toward BHj -b H" cha’^acter as opposed to BH* 
character in the more salt-like compounds.'®* Sodium borohydnde 
shows excellent promise as an analytical reducing agent, and the 
lithium compound is useful for organic reductions. In contact with 
water, the borohydridcs undergo general conversions to borates and 
hydrogen. Those reactions are commonly vigorous. However, the 
sodium compound may be recrystallized from cold water, although 
it is decomposed bv hut water. It is one of the better solid sources o 
hydrogen, particularly when it is pelleted with cohaltfll) chloride. 
In contact with water, this combination gives a black cobalt 
boride (Co:B) which then catalyzes reaction of the remaining boro- 

hvdride with water. Hydrogen chloride converts the borohydrides 
% 


-Oil I Srhlr^inecrandH. c. BrownrJ. 62,342'.)(19-10}. 

-o H I H. R. Hockstra. and H. C. Brown: Al.tract^. of Papora. 

n5ti. Moclin. of llio .Mncncan Chemical ^ciety. Man . 

-o A. B. Borfi and H. I. Schlc.s.nger: J. A,n. Chan. Soc 3 2o ( 1.M0). 

-» H. I. S. hN-sinK.Te( jd.: I'. S. Navy Rn>«rt, ( ..ntrart Nos. N I73s..)058. ■ 

“-Ml. I. S..l.losi„c.r, R. T. nml .V. R. Rurs: J- -U"- 


*'-Mi. I. R. I,I.Mngcr, R. T. Snn.lcsn.,, and A. H. Rurg: J. Am. CKcm. Soc.. 82, 

H. C. Rrown, and O. W. Sk-hanfrer: 7. Am. Sa.., 66, 


h"’r.' Honks,™ .J. J. Ka.s: 7. A,„. Soc n. 2..SS 

..Ml, I. S.l,losi„K.T a„.l H. C. Rruwn, IR.ok 

pp.S-W M7. Div. Vlll, National Nuclear Lnergj- brr.ts. 

Co,. New York (1051). 
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into chlorides, with liberation of hydrogen (one mole per gram atom 
of lioron present) and diborane. Acids such as boron trifluoride also 
give diborane (p 777). Lithium boromethoxide, Li(B(0CH3)d, is 
obtained as an intermediate in the reaction of lithium borohydride 
with methanol. This compound is related to sodium trimethoxyboro* 
hydride, Na[HB(OCH 3 ) 3 ] (p. 777) which is chemically very similar 
to the borohydride itself.*’® In benzene solution, the reaction 

6 LiCjHs + 2A!(BH4),-» 6LiBH4 + 


occurs, showing the inherently greater stability of the lithium com¬ 
pound. Alkali metal borohydrides are unreactive toward trimethyl- 
amine, but the beryllium compound and (especially) the aluminum 
compound add the base and then undergo decomposition to give tri- 
methylamine borine (pp. 795-800). Changes in stabilities among the 
borohydrides are again apparent. 

X-ray diffraction data show a slightly distorted tetrahedral arrange¬ 
ment of hydrogen atoms about each boron atom in lithium boro¬ 
hydride. Sodium borohydride exists as ionic crystals in which the 
unit cells each contain four boron atoms and four sodium ions, the 
arrangement in each 3114- ion being tetrahedral.*®® Some question 
has been raised as to the structures of the more volatile borohydrides. 
The rather regular transitions in properties in series such as 

BiHe - AI(BH4 )j - Be(BH4)a - LiBH. - NaBH4 


suggest similarities to boron hydride structures for such materials. 
Best evidence would then support hydrogen bridge structures (pp. 

789-791) such as 


H H H 

\ / \ / \ / 

B Be B 

/ \ / \ / \ 

H H H 


H 

H 


eledron'^dilTruction data of Raucr and his colleagues have 

.seemed to contradict such a,. hypothe.sis. Thus the ^ 

hydride molecule was found to be planar with three liH. groups 

bonded to the aluminum atom at 120” angles.™' jn a o 

was reported to be the center of a tr.gonal b.pyram.d by fou 

hydrogen atoms and the central aluminum atom. Similarly, 

.» P. M. Harris and E. P. Meihohm: J. Am. Ch.n. 

.1. Y. ncnch flnd S. H. B«upr: J. Chon. Sor.. 62. .3MO (I. 
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beryllium borohydride molecule was reported to have the chain 
structure 

H—B—Be—B—H 


with three other hydrogen atoms uniformly spaced in a girdle about 
each boron atom and at slightly greater distances than the hydrogen 
atoms shown.”* These structures were considered to eliminate proton 
bridges completely. However, reexamination of the data, particu¬ 
larly in the light of positive evidence for the presence of BH^ tetra- 
hedra in other compounds, has convinced Bauer that, although sym¬ 
metrical hydrogen bridges are unlikely, unsymmetrical ones are not 
inconsistent mth electron diffraction data.*®* These would involve 
tetrahedral BH 4 arrangements and might be diagramed as 



Further work appears necessary before the problem can be settled. 
Structural data for the beryllium and aluminum compounds are**®* 
B-H', 1.28 A; B-H“, 1.22 A; B^B. 1.74 A; Be-H' 
1.63 A; ZBeBH', 65°; A1{BH.),: B-H', 1.28 A; B-H°, 1.21 A- 
Al—B, 2.15 A; Al—H', 2.1 A; ZAIBH', 60°. 

lithium, beryllium, and aluminum borohydrides are prepared by 
reactions of the corresponding metal alkyls with diborane 

3LiC,H. + 2B,H.3LiBH, + B(C,H.), 

Lithium and aluminum methoxides or ethoxides react similarly, the 
corr^ponc^g esters of boric acid being the other products. Lithium 
borohydnde is formed when Uthium hydride is reacted directly with 
iborane >n djethyl ether solution. Sodium borohydride is obtained 

^xn-n with trimethyl borate at 


250*C 

4NaH -1- B(OCH,),-» NaBH* -f 3NaOCH, 

borohydrides are prepared by reaction of 
the tetrafluondes with aluminum borohydride*®* 

MF 4 -f 2A1(BH4),-» M(BH4)4 + 2A1FjBH4 

•«S 312 (1946). 

o. M. liauer. /. Am. Chem. Soe., 72, 622 (1950). 
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Similar reactions with the fluo compounds NaM'^'Ts give the hafnium 
and zirconium compounds. Titanium{III) borohydride is obtained 
by reaction of the tetrachloride with lithium borohydride: 

2TiCU + SLiBU^ ^ 2Ti(Bn4)j + SLiCl + B,H« + Hi 


Lithium aluminum hydride, LiAlHi, and lithium gallium hydride, 
LiGalL, are the formal analogs of lithium borohydride*®® but are appar¬ 
ently somewhat less ionic in character. Both are white solids which 
undergo thermal decomposition to the metals, hydrogen, and lithium 
hydride. The decomposition temperature of lithium aluminum 
hydride (125® to 150®C.) is somewhat lower than that of lithium boro¬ 
hydride (250° to 275®C.). Lithium aluminum hydride and lithium 
borohydride are strikingly similar in many ways. Both are stable in 
dry air but release hydrogen in contact with water. Formation of a 
protective hydroxide coating renders this reaction less rapid with the 
aluminum compound and even permits tlie handling of this compound 
in rather moist air. Both compounds are soluble in diethyl ether, the 
solubility of the aluminum compound being seven to eight times that 
of the borohydride. Both are powerful reducing agents and owe most 
of their u.scs to this property. Since its introduction, lithium alumi¬ 
num hydride has become increasingly important as a selective reducing 
agent in organic syntheses. Unlike the borohydride, the aluminum 
compound reacts with ammonia and amines. A number of the 
chemical characteristics of lithium aluminum hydride have been men¬ 
tioned previously (e.g., pp. 400, 777). Various equations describing 
its more important beliavior witli inorganic materials are summarizea 
in Table 1711.*®® -"* The heat of formation of the compound is 
-24 08 kcal. per mole (compare Table 17-10).^'’® 

Buth litliium aluminum hydride and lithium gallium 
prcparcil by reactions of the anhydrous chlorides with lithium hydride 

in anhydrous diethyl cther'®“ 

MCL + 4LiH LiMH4 -f- 3LiCl 

The eompo.m.ls are ree„vere,l from the filtered solutions bX evnpora- 
,iun of the solvent. Sudi’um and calcium aluminum hydride 

nn. proposal of s,ru..tures which arc 
,..„npalil4c witii both the unnsual properties of the boron y 

,, Kiafiolt, A. C. ... K. r, W,P,and .1. I. Scfil«in«rr: J. A-n. 

's'Mason, nn,l fl. StnBn„.a„: d. An,. «r,„. See., 71, 2775 

(1019). 
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and their electron-deficient natures has been a challenge to many 
investigators, and a voluminous literature is devoted to the subject. 
In addition to certain papers already cited ,*'• ‘•®’ *** a number 

of others may be consulted with profit as general references.’®®"*^* 
Many other references to specific phases of the problem are also 
important. Most published information is concerned with the struc¬ 
ture of diborane, the assumption that elucidation of its structure would 
provide a key to the structures of the higher hydrides being quite 
reasonable. 


Reactant 

H,0 

NH, 

RNH, 

R,NH 

B,H« 


Zii(CH|)i 

MR.X*-,* 


sia* 

SdCIi 

BCI, 

AlCl, 


TABLE 17 11 

Some Reactions of Lithium Aluminum Hyuride 

Equation 

LiAIH, + 4H,0 — LiOH + Al(OH), + 4H, 

2LiAlH4 + 5NH,-- (LiAlH(NH,),l,NH + BH* 

LiAlH« + 4RNH,-* LiAKRNH), + 4H, 

LiAlH* + 4R,NH-LiAKRjN), -|- 4H, 

LiAlH, + 2B,H,-- LiBH, + AKBH.), 

ether 

LiAJH, + A1,(CH,),-2A1H(CH,), + LiAin,(CH,), 

- ether 

LiAlH^ + Zn(CH,),-ZnH| + LiAIH,(CH,), 

ether 

(4 - x)LiAlH4 + 4MR*X4_^-» 4MR,H4-, + (4 - x)LiX 

+ (4 - z)AlX, 

ether 

LiAlH4 + Sia4-- SiH4 + LiCl + AlCl, 

^. ether 

L 1 AIH 4 + SnCl 4 -- SnH 4 + LiCl + AlCl, 

ether 

3LiAlH4 + 4Ba, — 2B,H. + 3LiCI + 3Aia, 

3LiAlH4 + AlCl, —^ 4A1H, + 3LiCl 


M ■» Si, Ge, So; X ■> halogen; R » alkyl or aryl group. 


av« 


STRUCTURE OP DIBORANE. Eiarly coDcepts, as reviewed by Wiberg, -- 
had no basis other than molecular compositions and need not be con¬ 
sidered. Real progress in elucidation of the diborane structure can be 
traced to the mtroduction of physical methods of structure determina¬ 
tion. The chemical characteristics of diborane are too varied to 
provide p^itive information. It must be pointed out that the tend¬ 
ency of diborane to yield borine derivatives with strong donors (p. 


SOI 


Lo“K“'^Higgin» and R. P. Bell: J. Cktm. Soc., 207 1943, 250. 

I" A. Burawoy: Nature, IW, 328 (1945). 

*« R P H P AToIum, 166, 328 (1945). 

(1945K Roy- Soc. {London), A18S, 357 

**• F. Seel: Z. NaturforecK., 1. 146 (1946). 

Soc., 1947, 89. 

«< P P «. 207 (1947). 

R. E. Rundle: /. Am. Ckem. Soc., 69, 1327, 2075 (1947), 
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780) and that the impossibility of substitution of alkyl groups for 
more than four of the hydrogen atoms in diborane (p. 779) are sig¬ 
nificant to the structure of the compound. Of the many structures 
proposed, consideration may be given to (1) ionic structures, (2) 
dhane-like structures, and (3) hydrogen-bridge structures. 

Ionic structures were based upon the faulty assumption that reac¬ 
tion of diborane with ammonia (pp. 779-780) depended upon the 
presence of acidic hydrogens in diborane.Formulations both as a 
dibasic acid 

H H 
• « • « 

and as a monobasic acid 

H H 
• « • • 

H+(H : B : B : H]“ 

H 

cannot be supported by experimental data. Indeed, the exchange 
studies by Burg^** preclude the existence of acidic hydrogens. In a 
sense, the protonated double bond arrangement proposed by Pitzer^' 
is an ionic structure, but it is better considered as a variation of the 
hydrogen bridge concept. As such, ionic structures are highly 
unlikely. 

Ethane-Hke structures have been assumed by many investigators, 
with or without supporting evidences. These structures owe their 
origin to Sidgwick’s suggestion*'* that two of the hydrogen atoms in 
diborane are held by one-electron bonds as 

H H 
• • •« 

H • B : B • H 


H H 


That the electronegativities of hydrogen and boron are nearly the 
same may be regarded as supporting the possibility of existence ot 
such one-electron bonds. Development of the concept of resonance 
suggested further stabilization of the diborane molecule by resonance 
of the one-electron hydrogen-boron bonds among all six positions. 

N. V. sidgwick; Tht Etecironic Theory of Valency, p. 103. Clarendon Press, 


Oxford (1927). _ 

L. Pauling: J. Am. Chem. Soe., 68, 3225 (1931). 

R. S. Mullikcn: J. Chem. Phye., 8, 635 (1935). 
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Further resonance might also involve structures containing zero- 
electron bonds**’ as 

H H H+ H _ 

« « « • » » 

H:B B:H or H:B;B:H 
H H H H 


The overall ethane-like structure would then involve all the one- 
electron and zero-electron types of resonance structures.*** Such 
structures were stongly supported by Bauer’s early interpretations of 
electron diffraction data. “••**• 

Hydrogen bridge structures were first suggested by Dilthey**® and 
by Core*** and were exploited somewhat by Nekrasov.*** However, 
modern views and definite support of this type of structure are trace¬ 
able to the excellent work of Longuet-Higgins and Bell.*®* In simple 
form, this structure may be written 


H H H 

B B 

/ \ / \ 

H H H 


with no committment as to the e.xact nature of the hydrogen bridge. 
Several interpretations of such a bridge are conceivable. 

1. Burawoy’s concept*” of the hydrogen bridge as an example of 
hydrogen bonding of the conventional type (pp. 187-191) seems most 
unlikely in view of the steadily decreasing tendency toward this type 
of linkage in the series FH—OH,—NHr-CH<.*« The low electro¬ 
negativity of boron and the absence of negative groups which might 
enhance the attraction of boron for hydrogen also mitigate against this 
possibility. Furthennore, normal hydrogen bonding would imply 
unsymmetncal positioning of the bridging hydrogen atoms with respect 

to the boron atoms. However, spectroscopic data preclude such lack 
of symmetry.*** 


G. N. Lewis: J. Chem. Pky$., 1 ,17 ( 1933 ) 

University Press, Ithaca (1940). ov-zm. 

•‘•S. H. Bauer: /. Am. Cheni. Soc., 69, 1096 (1937). 

*** W. Dilthey: Z. Chem., 9^ 596 (1921). 

»! D f/ > <1927). 

W C S « W. 1021, 1156 (1940). 

w. u Fnce: J. Chem. Phyt., 18, 614 (194;o. 


Cornell 
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2. Resonance formulations involving covalent and ionic structures 
of the types 



(covalent) 


(ionic) 


are perhaps more likely as explanations.’’'*- Since only paired 

electrons are present, these arrangements are consistent with the 
observed diamagnetic behavior of diborane. However, it seems some¬ 
what unlikely that two parts of a molecule can be held together by 
resonance stabilization alone. On the other hand, such a picture is 
consistent with the absence of similar bridge structures among the 
hydrides of the Groups Vb, VIb, and Vllb elements where unshared 
electron pairs would cause repulsion. Similar bridges might be 
expected among hydrides of Group I to III elements. Longuet- 
Higgins and Bell’“® prefer the term resonance link for such a bond. 

3. Pitzer's concept*^ of a protonated double bond between the two 
boron atoms represents a modified hydrogen bridge structure 



in which the tw-o protons are imbedded in the electron cloud of the dou¬ 
ble bond in a plane at right angles to the remainder of the molecule. 
Such an arrangement is not consistent with the observed ®o^ewhat 
longer boron to boron distance than that predicted for a double bon 
nor with the absence of acidic properties in diborane,"* but it does 
suggest a useful analogy to ethylene rather than ethane. 
scopic’” and magnetic"* similarities to ethylene are striking, 
the double bond in ethylene readily associates with cations (pp. - 

840-841) is also of interest in this connection. A number o o 
arguments in favor of such a concept have been offered. 

i» Ya. K. Syrkin and M. E. Dyatkina: Acta Physicochim. C.R.S.S., 14, 547 
(1941). 
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4, Coordination by bonding electrons may also be regarded as a 
possibility.*" This would reduce the hydrogen bridge to 



Such a type of bonding is normally highly unlikely because of the 
strength of the existing electron pair bonds. However, boron- 
hydrogen bonds are somewhat weaker than similar bonds in other 
hydrides,*" and such arrangements may conceivably exist. In a 
sense, this concept lies in the middle ground between the resonance 
link and protonated bond views. 

5. A molecular orbital (pp. 197-198) picture as worked out by 
MuUiken*" emphasizes similarities to ethylene and is not inconsistent 
with the double bond concept of the hydrogen bridge. 

6. That the hydrogen bridge amounts to a “half-bond” (p. 214) 
type of structure in which each of the two hydrogens, using one elec¬ 
tron pair and its Is orbital, bonds the two borons together*" may be 
regarded as a version of the protonated double bond concept without 
the thought of direct protonation. This would permit the two bridg¬ 
ing hydrogen atoms to lie, respectively, above and below the plane of 
the rest of the molecule and impose a general tetrahedral arrangement 
about each boron, but repulsions between the two hydrogens would 
make the B—H—B angle less than 180®. 

Which (if any) of these interpretations is the correct one cannot be 
detenmned from existing data. However, it does appear that, regard- 
1^ of its exact constitution, the bridge structure is a better representa¬ 
tion of the diborane molecule than the ethane-like structure. The 
basic differences between these two structures, regardless of binding, 
involve (1) equivalence of all hydrogen atoms in the ethane structure 
but difference of two from the other four in the bridge arrangement 
and (2) free rotation of the tw'o ends of the molecule in the ethane 
structure as opposed to hindered rotation in the other. 

The first of these differences is readily reconciled by a bridge 
structure since two hydrogen atoms in diborane are apparently different 
from the others (p. 779) and since, although the molecule B(CH,), 
shows no tendency to dimerize, the material HB(CH,), is known only 
in e menc form. The second of the differences can probably be 

through physical data since the cis-trans isomerism 
predicted for the bndge structure may not exist in fact because of the 
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labilities of the compounds. Specific heat data“" are compatible with 
the ethane structure only if hindered rotation is assumed but agree well 
with the bridge model. Likewise Raman“® and infrared”*- 
data are in excellent accord with predictions based upon a bridge 
structure““® but can be made compatible with those for an ethane 
structure only if a number of difficult-to-justify assumptions are made. 
Thus two Raman frequencies due to B—H bonds are noted. The 
ethane structure would permit only one since all hydrogens would be 
equivalent. Furthermore, the infrared spectra are markedly like 
those for ethylene and bear little resemblance to those for ethane. 
Calculated moments of inertia from infrared data are in agreement 
with a bridge stnicture but not an ethane arrangement. 

The ethane structure has received its greatest support from electron 
diffraction data.***'*” However, the two models differ mainly in the 
hydrogen to hydrogen distances, and these cannot be determined with 
certainty by electron diffraction. Bauer reported bond distances of 
B—B = 1.86 A and B—H = 1.27 A. However, the electron diffrac¬ 
tion data are equally consistent with the structure 

H H H 

/ 

1.334A 

/ 

B locr B 121.5* 

/ 

1.187A 

/ 

H H H 

B<B bond distance* I.770A 

with the bridging hydrogens lying in a plane at right angles to a plane 
containing the remaining atoms,*”- *** although Bauer does not 
agree.*** However, electron diffraction studies on tetramethyl 
diborane (p. 778) indicate the four methyl groups and the two boron 
atoms to be coplanar,*” strongly supporting the bridge arrangement, 
and comparative electron diffraction studies on diborane and ethane 
definitely eliminate the ethane structure for the former and support 
the bridge arrangement.**' Crystal structure determinations by 

F. Stitt; J. Che»i. Phys., 8. 981 (1940); 9, 780 (1941). 

«»T. F. Anderson and A. B. Iturg: 7. Chem. Phy$., 6, 586 (1938). 

W. E. Anderson and E. F. Barker: J. Chem. Phya., 18, 098 (1950). 

«* P. C. Ixird and K. Nielsen: J. Chem. Phya., 19,T (1951). « lan 

M. E. Dyatkina and Ya. K. Syrkin: Compl. rend. acad. aci. V-P S.S., 36, 180 

(1942). 

Pauling; C'hem. Eng. \etra, 26, 2970 (1947). 

K. Hcillierg and V. Sebomaker: J. Am. Chem. Soc., 73, 1482 (1951). 
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x-ray*” locate the boron atoms but do not permit decision as to the 
correct model. 

STRUCTURES OF THE HIGHER HYDRIDES. Detailed evidence for the 
structures of all of the higher hydrides is lacking, although it may be 
assumed logically that whatever type of electron-deficient bonding is 
characteristic of diborane must also be characteristic of the other 
materials. In the light of the foregoing discussion, this must involve 
hydrogen bridges. However, there is insufficient electron deficiency 
to permit such bridges between all boron pairs, and as a consequence 
some normal covalent boron to boron linkages must also exist. 

In extending his concept of the protonated double bond, Pitzer” 
has outlined the following principles of higher boron hydride structures: 

1. In addition to simple boron to boron and boron to hydrogen 
bonds, the structures will contain protonated double bonds between 
boron atoms if each such atom has both a vacant orbital and a singly 
bonded hydrogen attached. This is equivalent to saying that the 
hydrides are built up through hydrogen bridges of hypothetical borine 
groups such as BHi, HjB BHj, and HiB BH BHi. 

2. Protonated double bonds will form until all vacant orbitals are 
occupied. However, orbitals conjugated with two or more protonated 
double bonds must be regarded as occupied. Thus any BH group 
between two boron atoms which are themselves bridged to others 
cannot be involved in such a bridge. 

3. Rings with less than five boron atoms are not stable because of 
strain. 


Based upon these principles, the known higher hydrides may be 
formulated as: 


BiHio = H3 BH, -b 2BH, 


H H 

\ I / 

B(H,)B—B(H,)B 

-L \ 


H 


H 


B»H. « HjB BH BH, -|- H,B BH, 


H—B 
(H.) 
H—B~ 


H 

I 

B 



B—H 

(H,) 

—B—H 


“* H. Mark and E. PoUand: Z. Kry^., W, 103 (1925). 
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BsH„ = HjBBIIBH, + 2BH, 


H H H H 

\ I I / 

B(H2)B—B—B(H8)B 

/ I \ 

H H H 


B«H,o = 2 H 2 BBHBH 


H H 


B(H2)B 

/ \ 

H—B B—H 

\ / 

B(H2)B 


H H 


BioHu = 2BiH7 (rings) 


H H 


H—B—B B—B—H 

\ / 

(H 2 ) B(H 2 )B (Hj) 

/ \ 

H—B—B B-B—H 


H H 


the symbol (H 2 ) being used to indicate hydrogen bridges or proton- 
ated double bonds. In addition, a six-membered ring with alternate 
bridges is suggested for the hydride BeHi 2 , a compound not yet char¬ 
acterized but considered by Stock to exist.’” In the range up to B«, 
no unknown compounds are predicted by these principles. Above 
Be, many presently unknown materials are of course predicted. That 
these have not been isolated does not preclude their existence, however. 

Structures of this type find their greatest opposition in interpretaK 
tions of electron diffraction data. Thus values for tetraborane,”* 
stable pentaborane (BiH#),’” and unstable pentaborane (BjHu)”* 
have been considered to be compatible, respectively, with butane-, 
methylcyclobutane-, and pentane- or isopcntanc-like arrangements. 
Later data”^ are considered to rule out Pitzer’s structure for stable 
pentaborane and to be in agreement with a structure for decaboranc 
in which two symmetrical pentagons are joined by a normal boron to 
boron link but in which no hydrogen bridges are present. However, 
such interpretations are open to the same questions raised m the con- 

*»* S. H. Bauer: J. Atn. Chem. Soc., 60, 805 (1938). 

**< S. H. Bauer and L. Pauling: J. Am. Chem. Soe., 68, 2403 (1936). 

»» G. Silbiger and S. H. Bauer: J. Am. Chem. Soe., 70, 115 (1948). 
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sideration of diborane (pp. 792-793). Schomaker**® has stated that 
neither proposed structure for stable pentaborane is entirely correct, 
but his early view that a non-planar five-membcred ring of boron 
atoms with hydrogen bridges located as in Pitzer’s model is more 
probable seems questionable.*” More recent electron diffraction data 
for stable pentaborane*” and decaborane*** are consistent with the 
assumption that part of the hydrogen is present in bridges. Both 
electron diffraction*” and x-ray*** data indicate that the structure of 
the stable pentaborane molecule amounts to a tetragonal pyramid of 
boron atoms with a hydrogen atom on each boron atom and the other 
four hydrogen atoms in bridges linking the boron atoms in the base 
of the pyramid. More comprehensive studies are needed. 

Compounds containing boron-nitrogen linkages 

Compounds containing boron-nitrogen linkages are of a number of 
types. In previous sections of this chapter boron nitride (pp. 757- 
758), addition compounds of borine such as (CH})}N .BH| and 
CHjCN:BHi (pp. 780-781), and ammonia “addition" compounds of 
the boron hydrides, especially of diborane (pp. 779-780), have been 
discussed. Structural analogies between boron nitride and graphite 
(p. 758) suggest similarities between carbon to carbon and boron to 
nitrogen bonds. This is not unexpected since such bonds are iso- 
electronic and since the BN and CC arrangements should have nearly 
the same size. It is not surprising, therefore, to find series of boron- 
nitrogen compounds which are in effect direct analogs of both aliphatic 
and aromatic organic substances. These are discussed below. In 
addition, some data on the rather peculiar compound BJH 7 N and its 
derivatives are given. These latter compounds are rather closely 
related to diborane and its ammonia “addition" product and to 
borine addition compounds, but are not related to other boron- 
nitrogen compounds. 

The Compound BjHtN and Its Dertt)a(itjes. The compound BjHtN 
(or BjHsNHi) melts at -66.4®C. and boils at 76.2''C.'‘* Its vapor is 
monomeric. It is stable for several days at room temperatures in the 
absence of air or moisture. Slow decomposition, however, gives 
diborane and a polymeric residue, (BH^N),. Aqueous hydrochloric 
acid causes decomposition to ammonium chloride, hydrogen, and 

«• V. Schomaker: J. Chim. pkys., 46, 262 (1949). 

(195lf Schomaker: J. Am. C/iem. Soc., 78, 3638 

*** C. M. Lucht: J. Am, Ckem. Soc., 73, 2373 (1951). 

”• W. J. DiUmage and W. N. Lipscomb: J. Am. Chem, Soc., 73, 3539 (1951). 
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boric acid, whereas hydrogen chloride apparently causes substitution 
of chlorine for some of the hydrogen. At -80“C., it forms the com¬ 
pound B 2 H 7 N*N(CH 3)3 with trimethylamine. Ammonia converts it 
to borazole (p. 800) at 200°C., but at low temperatures an ammonia 
addition compound is formed. This compound liberates one gram 
atom of hydrogen per mole when treated with sodium in liquid 
ammonia at —60®C. The compound B 2 H 7 N is obtained when 
ammonia reacts with diborane at elevated temperatures or better when 
diborane is passed over its “diammoniate.”^^® 

The N-methyl derivative, B 2 H 5 NHCH 3 , and the N-dimethyl 
derivative, B 2 H 5 N(CH 3 ) 2 , are obtained, respectively, by reaction of 
diborane with methylamine and with dimethylamine.*^^ The methyl 
derivative has an extrapolated boiling point of C 6 . 8 ®C and an esti¬ 
mated heat of vaporization of 6.666 kcal. per mole. The dimethyl 
compound boils at ca. 50.3®C. with a heat of vaporization of 6.670 
kcal. per mole and melts at ca. —54.6*0. Thermal stability increases 
as methyl groups are added, the dimethyl derivative being stable 
even at 90°C. for prolonged periods. Both methyl compounds add 
trimethylamine as does the parent compound. Rather similar N-silyl 
derivatives, B 2 Hi(CH»NSiH 3 ) and B 2 HsN(SiH 3 ) 2 , are formed, respec¬ 
tively, in reactions of the amines CH 3 N(SiH 3)2 and CSiH 3 ) 3 N with the 
compound B 2 H 5 Br.®" 

Electron diffraction data indicate the presence of an angular 

N 

B B linkage in the compound B 2 H 7 N. Early interpretations*** 
gave a bond angle of 109° and a B—N bond distance of 1.56 A as 
required by the formulation HjB—NH—BH,. However, later inter¬ 
pretations*** of electron diffraction data for the compound B1H7N and 
its dimethyl derivative lead to bridge structures of the types 



H. I. Sf-hlcsiiiRor. D. M. KitWr, and A. B. Burg: J. .4wi. Chem. Sor., 60. 2207 

B. Burg and C. L. Randolpli: J. Am. Chem. Sor., 71. :t45I (BMO). 

A. B. Burg and K. S. Kuljiun: J. Am. Chem. Soc., 72. 3103 (1050). 

S. H. Bauer; J. Am. Chem. Soc., 60, 524 (1938). 

A. J. Stosick; Abstracts of Papers, 115th Meeting of the American Chemical 
Society, March 1949, p. 2G-0. 
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where the bridging hydrogen atom employs one pair of electrons to 
form two bonds. Bond angles obtained are 96® and 89® for BiHjNHi 
and BiHsN(CHi)j, respectively, with corresponding boron to boron 
distances of 2.32 A and 2.19 A. The properties of these compounds 
are consistent with such structures.”* It is probable that the N-silyl 
derivatives have similar bridge structures.*** 

Boron-Nitrogen Analogs of the Aliphatic Hydrocarbons. Excellent 
evidence exists that in the preparation of hexamethyltriborinetriamine 
or hexaraethylborazole (p. 803) by reaction of boron trimethyl with 
methylamine (400®C., 20 atm.) a number of intermediates result accor¬ 
ding to the scheme**^ 

B(CH 9)3 + CHjNH, (CH,)jB — NH,CHa 

i ^ 

(CH,),B==NHCH, 

i ” 

(CH,)B^NCH, 

|ni 

[-B(CH,)^N(CH,)Hi 

Similarly, condensation of boron trimethyl with phenylamine gives 
an addition compound which decomposes when heated (300®C., 20 
atm.) to similar materials, the scheme for the reaction series being*** 

B(CH,)i + CeHsNH,-* (CHa) 3 B - NH,CeHi 

‘ i 

(CH,),B NHCaH, 

i " 

CH,B ^ NCeHi 

III 


Also, in the preparation of B, B', B"—trimethylborazole (p. 805) 
from the addition compound (CHs) 3 B^NH, (Type I, above), the 
material (CH 3 )sB —NHi (Type II, above) is obtained as an inter¬ 
mediate.**^ It is apparent that compounds of Types I, II, and III 
are, respectively, formal analogs of ethane, ethylene, and kcetylene 
type hydrocarbons. These relations are shown more clearly in 
Table 1712, the proposed names*** *** for materials of these types 


*“E. Wibergand K. Hertwig: Z. anorg. Chem., 266, 141 ( 1947 ). 

^jherg and K. Hertwig: Z. anorg. Chem., 267, 138 (1948). 

1*3 p Cbem., 266, 177 (1948). 

» 'Ji. Wiberg: Natunmetemchaften, 36, 182 (1948). 
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being chosen to emphasize such similarities. A significant difference 
lies of course in the formation of the B—N bond. All C—C bonds, 
regardless of multiplicity, are of the normal covalent type. The 
B N bonds, however, involve donation of an electron pair by the 
nitrogen atom in addition to any electron sharing of the normal 
co\'alent type which may be present. It might be expected, therefore, 
that on the average the B—N linkages would be more readily rup¬ 
tured than their C—C counterparts. It follows, of course, that addi¬ 
tion compounds of boron trihalides with ammonia and the amines 
(pp. 74(i-7-l8) are corresponding analogs of halogenated ethanes. 
Wiberg’s excellent review*-''’ should be consulted for more complete 
details. 


TABLE 17-12 

Boron-Nitrooen Analogs of Aliphatic Hydrocarbons 
Boron-.Nitrogen Compounds Hydrocarbons 

Name Structure Structure Name 

Borazanes RjB ; NHjR R,C : CHjR .\lkane3 (ethanes) 

Borazenes RjB::NHR RiC::CHR Alkenes (ethylenes) 

Borazynes RB:::NR RC:::CR Alkynes (acetylenes) 


That the relationships among these compounds are more than 
merely formal ones is apparent from comparisons of the properties 
of the isosteric compounds. Such melting point and boiling point 
data as are available (Table 17.13) bear out this conclusion for alkene 
analogs in particular, although comparisons with the alkanes are less 
striking. Of course substitution on the nitrogen gives somewhat 
different effects from substitution on the boron. Furthermore, the 
borazenes and borazynes show unsaturation and undergo addition 
reactions just as do the corresponding hydrocarbons. The borazynes 
polymerize in fashions comparable to the acetylenic hydrocarbons and 
are actually known only in the trimeric forms (i.e., as borazole and its 

derivatives, pp. 800-806). 

A number of formally similar borine derivatives such as HjBNRj 
(R = CH, HiBNHj,*” and Br,BNR,»* and the silyl com¬ 

pounds H:BN(SiH 3 )* and (CH,):BN(SiH,Br),*” are known. These 
are isosteric with the corresponding alkenes and undoubtedly have 
unsaturated structures of the general type 

R R 

» ♦ 9 9 

R : B::N : R 

That they tend to dimerize at low temperatures and compare in 
K. Wiberg, A. Bob, find P. Buchbeit; Z. anorg. Chem., 286, 285 (1948). 
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general physical characteristics with the alkenes lends support to this 
view. The dimers are notably less reactive than the monomers. 
The monomers form as temperature rises. With hydrogen bromide, 
the N-dimethyl compound gives the B-dibromo compound, BrjBN- 
(CHj)a, and hydrogen. With water, boric acid, dimethylamine, and 
hydrogen form. N-dimethylaminoborine, HjBN(CHi)i, is obtained 
by heating dimethylamine with diborane at 180® to 200®C., hydrogen 


TABLE 1713 

Some Comparisons between Boron-Nitrooen Compounds and Their 

Auphatic Analogs 


Boron-Nitro(eD Compouad 

Aliphatic Analog 


Molti&g 

Boiliac 



Boiling 

Formula 

Poiot, 

Point, 

Formula 

Point. 

Point. 


♦c. 

1 

•c. 


•c. 

•c. 

HiB 

1 

ea, 90 


H,C—CHi 

-172 

1 

- 88.3 

HiB *~NHiCH» 

&-10 


H«C—CHiCHi 

- 189.9 

- 42.2 

H,B *-*NH{CH,)i 

10-12 


HK;—CH(CH,)i 

-148 

- 10.2 

HiB ‘-NCCH,)! 

94 

171 

HiC—C(CHi)t 

- 20 

9.5 

(CHi)HiB 

1 

176 

(CBi)HtC»C(CHi). 

- 98.2 

49 7 

{CH.)iHB — NtCHOi 

-18 

171 

(CHi)iHC—C(CHi)t 

- 25.0 

80 9 

(CHi)»B ‘-N(CH,)i 

128 

no (tubl.) 


104 

106 8 

(CH.)iB ^NH(CH*)« 

38 

143 

(CU»)*C—CH(CHi)t 

- 25.0 

80 9 

(CH.),B ‘-NHiCH, 

27 

147 

(CH,)K;—CHiCH, 

- 98.2 

49 7 

(CH>)iB «-NHi 

74 

>98 

(CHi)iC—CHi 

- 20 

9 5 

EiB^ NHi 


(I0») 

H.C=CHi 

- 169.4 

-103 9 

HtB N(CHi)t 


(6m) 

H»C—C(CH»)i 


- 6 

(CH,»,B := N(CHi), 


80 

(CHi),C=C{CHi)i 


73 

(CHi)iB^ NHCU* ' 


04. 38 

(CHi)iC=CHCH. 

-124 

38 4 

(CHi)iB i= NHt 


oa. 4 

(CH»)tC=CHi 


- 6 

FiB ‘-NH* 

180 


FiC—CH, 

-107 

- 46.8 

FiB 

138 

233 

FiC—C(CH,)i 



CliB — N(CHi)i 

243 


CliC—C(CH»)» 

1 



being the other product.*** Alternatively, the addition product 
formed by condensing diborane and dimethylamine can be heated at 
130®C. in nitrogen**' or dimethylammonium chloride can be reacted 
with lithium borohydride in diethyl ether to give the product, lithium 
chloride, and hydrogen.*** Reaction of diborane with ammonia 
above 100 C. gives the material HjBNHi, which in contrast to the 
other materials, exists as a high polymer.*** Silyl derivatives are 
obtained by reaction of trisilylamine, (SiH,),N, with the compounds 
BjHsBr and (CH,),BBr.**> 

**“ G. W. Schaeffer and E. R. Anderson: J. Am. Chtm. Soc., 71, 2143 (1949). 
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Somewhat different are the borine derivatives of the types HB- 

Compounds of this type apparently have the structure 
(resonance possible) 

R H R 
• • • * • * 

R ; N:;B ; N : R 

• « 

and are not isosteric with any types of hydrocarbons. The methyl 
compound (m.p. —45®C.) dimerizes readily but is monomolecular in 
the vapor state. On standing with N-dimethylaminoborine, it forms 
a high polymer. With water, it gives hydrogen and the compound 
HOB(N(CH3)2jj. The compound, together with hydrogen, is formed 
when N-dimethylaminoborine and dimethylamine are heated together 
at 200°C.«' 

Boron-Nitrogen Analogs of the Aromatic Hydrocarbons. Perhaps the 
most remarkable of the boron nitrogen compounds are triborinetrU 
amine or borazole, BaNsHe, and its N-methyl and B-methyl deriva¬ 
tives. The discoverers of borazole believed its properties to be con¬ 
sistent with a six-membered ring structure of alternating boron and 
nitrogen atoms,*^* Such a structure is supported by electron diffrac¬ 
tion data which indicate a planar arrangement exactly comparable to 
that found in benzene,*•** the bond angle being 120® and the B—N 
bond distance 1.44 A. That this bond distance lies between those 
expected for single (1.54 A) and double (1.36 A) boron-nitrogen bonds 
suggests resonance of the Kekul^ type. Such a structure may be 
formulated as 


H 

I 

B. 


D 


H- B B 

\-<r 

N 

I 

H 


-H 


- H 


the extra electron pair on each nitrogen atom being capable of con 
tributing to either of two boron-nitrogen linkages. As with the all 

**' E. Wiberg and A. Bolz: Z. anorg. Chem., 267, 131 (1948). 

A. Stock and E. Pohland: Ber., 69, 2215 (1926). 

»* A. Stock and R. Wierl: Z. anorg. allgem. Chem., 208, 228 (1931). 
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TABLE 1714 

Comparison op Physical Properties op Borazoi.e and Benzene 


Property 

1 

1 

Borazole, 

BiN.H, 

Benzene, 

C.H. 

Molecular weight 

80.532 

78.108 

Melting point, ^K. 

215 

279 

Boiling point, *K. 

328 

353 

Critical temperature, *K. 

525 

561 

Liquid density at boiling point, grams/ml. 

0 81 

0.81 

Molecular volume at boiling point, ml. 

99.42 

96.42 

Heat of vaporization at boiling point, kcal./mole 

7.0 

7.4 

Trouton's constant 

21.3 

21.0 

Surface tension at melting point, dynea/cra. 

31.1 

31.0 

Parachor 

208 

206 

Molar polarization, cm.* 

24 

27 

Dipole moment, D 

0 

0 

Bond distances, A 



B—N 

1.44 


B—H 

1.20 


N—H 

1.02 


C—C 


1.39 

C—H 


1.08 


TABLE 1715 

Comparison op Physical Constants op Methyl Borazoles and Methyl 

Benzenes 


Property 

1 

B,B'.B"‘Trimetb>l- 

bomiole 

l,3,6*Triroethyl» 

beruene 

Moleeulnr weijtbt 

122 610 

120.186 

Meltinc point, 

305 

221 

Boilmc point, *K. 

400 

438 

Heniof veporixetion 



ei boUint point. 



ke4l./i&ole 

10.1 

10.0 

Trou(oQ*e conitAnt 

25.2 

22 8 

Solubility in 



beniene 

•oluble 

•oluble 

diethyl ether 

•oluble 

•oluble 

eUieaol 

•oluble 

•oluble 

wmUr 

insoluble 

insoluble 


bormiole 


164 $68 
370 

494 


11.6 

33.3 


v«ry toluble 
•olubU 

toluble 

iiMoluble 


Hextmelhyl 

benxene 


162.264 

439 

637 


12.9 

24.0 


wtry xolublt 
•oluble 

•pariofly soluble 
insoluble 
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TABLE 17-16 

Comparison of Melting and Boiling Points of Borazole and Benzene 

Analogs 


Compound 

Melting 
Point. *K. 

% 

Boiling 
Point, “K. 

Ratio of Abso¬ 
lute Boiling 
Points, Thu'.Tc 

1. Benzenes 




. borazole 

215 

328 

0.93 

benzene 

279 

353 


2. Toluenes 




B-methylhorazole 

214 

360 

0.94 

N-methylborazole 


357 

0.93 

toluene 

178 

383,8 


3. Xylenes 




B,B'-dimetl>ylborazoIe 

225 

380 

0.92 

N, N'-dimethylboraz»)le 


381 

0.92 

m-xylene 

219,4 

411.8 


B, N-dimethylborazole* 

.... 

397 

0.95 or 0.97 

o-xylene 

244 

417 


p-xylcne 

286.2 

411.5 

1 

4. Mesitylenes 




B,B',B''-trimethylborazole 

305 

400 

0.91 

N,N',N"-trimethylborazole 

264 

405 

0.92 

mesityloue 

220.3 

437.6 

.. 

.5. Hemimcllitenes or Pseudooumenes 



0.92 or 0.93 

N.B.B'-trimethylborazole* 


412 

hemimellitcne 

<258 

449.5 


pseudocumene 

♦ • 4 ♦ ♦ * 

442.8 


0. laodurcnes 




N, B,B', B"-tetramethy Iborazole 


431 

0.92 

isodurene 

249 

470 


7. Mellitenes 



0.92 

hexamcthylbornzole 

370 

494 

mcllitenc 

439 

537 

• 


• Relative positions of methyl groups not determined with certainty. 


phatic analogs, the linkages are combinations of normal and coordi¬ 
nate covalences and should be formulated B N. Infrared and 
Raman data also support such a resonating structure.*” Wiberg has 
suggested the term “inorganic benzene” for the compound.*” 

Because of such structural similarities, one would e.xpect marked 


B. L. Crawford and J. T. Edsall: J. Chem. Phyt., 7, 223 (1939). 
*»» E. Wiberg and A. Bolz: Ber., 73B, 209 (1940). 
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similarities in properties between borazole and benzene and between 
corresponding derivatives of the two compounds. The facts are in 
accord with such expectations.***• ***• ***• *** This is shown 

particularly well by the comparison of physical constants in Table 
17-14 and Table 17-15. Data which are essentially dependent upon 
structures are almost identical in many instances. Further comparison 
of structurally similar compounds is made in Table 17-16. It is sig¬ 
nificant that, although the hydrocarbon is the higher boiling compound 
in each instance, the ratio of the absolute boiling points (Tos'-Tc) is 
constant at 0.93 for the entire series. 

Borazole and its derivatives are also quite comparable with their 
isosteric aromatic analogs in chemical behavior, although they are in 
general somewhat more reactive. Among the more important reac¬ 
tions are addition and substitution reactions involving, in particular, 
halogen and oxygen materials. Thus one mole of borazole adds three 
moles of hydrogen halides (X = Cl, Br), water, methanol, or methyl 
iodide. Additions that are slower and more difficult to effect occur 
with ammonia, trimethylamine, and diethyl ether. Substituted bora- 
zoles show similar behavior. In such reactions, the more negative 
group in the adding molecule normally goes to the boron atom. 

Reactions with hydrogen chloride and hydrogen bromide have been 
investigated in detaU.*“ *« With borazole, cyclic trihalo analogs of 
symmetrical trihalocyclohexanes are formed initially, but these lose 
hydrogen at 50® to 100®C. to give symmetrical trihalo-borazoles. Such 
reactions may be formulated as 


H 


H—N 


/\ 


N—H 


♦ 3HX 


1 

H 


—H 


X H 

V 

" V V" 


H 

H 


/ 

\ 

/ 


B 




H 

X 


-3H 


>• \ /'-H 


A 




N 


H 


With hexamethylborazole, the reactions are somewhat 
cated and may be formulated as*<‘'*‘* 


more compli- 


*** E. Wiberg: Naturmuemehaflm, 36, 212 (1948). 
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CH,— 


CHa 

I 

B 

/\ 

N N 


-CH 


CHj—^B-CH 
N 


+3HC1 

20 * 0 . 


CH 



150*0. 


-3CH 


3CHiB(a) NHCHjjjj:^ 3C1B 


n 


NCH, 


m 


CH,- 


a 

A 


-CH 


Cl— B-a 

V 

I 

CH, 

The intermediates I and II can be belated, but the acetylenic analog 
III trimerizes immediately and cannot be recovered (p. 798). Exc^ 
hydrogen chloride ruptures all boron-nitrogen bonds and gives the 
compounds CH.BCl, and CH.NII. HCl as products. Borazole adds 
two moles of bromine at O^C., the addition compound decomposing 
to a dibromoborazole at 60°C.«‘ These reactions may be formulated 

as 


H 




Br H 

\ / 

B 

\ / \ 

N N-H 

+ 2Br, 


Br 

I 

B 

h-n n " 


o*c. 


H 


N 

I 


\ 


i 


60*C 


a 


B B-H 

Br^ \ / 

N 

}/ ^Br 


N 

I 

If 
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The product is readily hydrolyzed by water to an analog of resorcinol. 

Borazole and N,N',N''-trimethylborazole react with water in a 1:3 
stoichiometry to yield hydroxyborazoles 



OH 

I 

B 

^ \ 

CH,-N N-CH, 

-U- 

I 

CH, 


by loss of hydrogen.*” *** -trimethylborazole and hexa- 

methylborazole, however, are hydrolyzed to ammonia or methyl- 
amine with decomposition of the boron-nitrogen ring and formation of 
the ring structure*”* **• 





With excess water vapor at 150®C. or above, complete hydrolyses to 
boric acid or methylboric acid, CH|B(OH)j, and ammonia or methyl- 
amine occur. 

Reactions with methanol are quite comparable to those with water. 

Ammonia and amines add to borazole, but these reactions have not 

been investigated comprehensively. It is of especial interest that, 

although benzene is hydrogenated in the presence of palladium 

catalysts, borazole is actually dehydrogenated under comparable 
conditions.*** 

Simple substitution reactions are somewhat less common. It is 
apparrat, of course, that the products obtmned in some of the reac- 
taons discussed above are substitution products, but in most cases 
m^ediate addition compounds can be isolated. However, bora- 
aole reacts with boron trimethyl to give B,B',B"-trimethylborazole>” 

^ ***“"■• A- B* J. Am. Chan. Soc.. 60. 1296 
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in some 60% yield as 
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small quantities (ca. 5%) of the mono- and dimethyl derivatives being 
produced together with a non-volatile product of composition BNH. 
With excess borazole, larger quantities of the mono- and disubsti- 
tuted compounds are formed. The various N-methylborazoles give 
B,N-methyl derivatives.®*^ Treatment of borazole with boron tri¬ 
chloride or boron tribromide gives B-mono-, di-, and trihaloborazoles.-** 
An unstable material, presumably a mono-fluo derivative, forms in a 
comparable reaction involving boron trifluoride. These reactions pre¬ 
sumably involve substitution, although hydrogen, diborane, and 
various solid materials are formed also. 

Borazole is formed when the “ammoniates” of the boron hydrides 
(p. 779) are heated at 180'’ to 200'’C., hydrogen being the other 
product.”® Although the diborane compound is commonly used, 
somewhat better yields are obtained with the tetraborane compound.®” 
Direct reaction of diborane with ammonia at 250® to 300®C. and under 
1 atm. pressure gives borazole in 50% yields.**®- *» It is presumed that 
such a reaction involves the formation of the borine complex, 
*_ NHa, which loses hydrogen and polymerizes according to the 

scheme®” 


3B2H 


+0NH 


-H 


-H 


0H,B — NH,-» CH,B ^ NH, 


- 2B,N,H« 


Borazole is obtained in 35% yields by reaction of lithmm borohydrid 
with ammonium chloride at 275°C., diborane being prr^uced as a 
by-product.”' B-methylborazoles are formed when borazole 

- G. W. SchoefTcr, R. Schaeffer, and II. I. Sehleainger: J. Am. Chm. Soc.. 7S. 
A.^Stock, E. Wiberg, and H. Martini: Btr.. MB, 2927 (1930). 
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treated with boron trimethyl”’ or better when the “ ammoniates ” of 
the mono-, di-, or triraethyl diboranes (p. 778) are heated at 200®C. in 
closed tubes.”® The N-methyl compounds are obtained when 
diborane is heated with methylamine or with mixtures of ammonia 
and methylamine.”’ Thus, N,N',N"-trimethylborazole is formed in 
90% yield by reaction of diborane with methylamine at 190®C.’*’ 
Reaction of boron trimethyl with ammonia, followed by heating the 
addition compound (CHt)}B NH> at 330®C. and 20 atm. pressure, 
gives B,B',B"-trimethylborazole.**’ Also, the hexamethyl derivative 
is obtained when the addition compound (CH|)|B NHjCHj is 
heated at 450®C. and 20 atm. pressure.**® N,N',N"-trimethylborazole 
is obtained also by reaction of monomethylammonium chloride with 
lithium borohydride**® as 

3CH,NH,C1 + SLiBH, B,N,H,(CH,), + 3LiCl + 9H| 

It is interesting to speculate upon the possible existence of anal¬ 
ogous compounds in which boron and nitrogen have been replaced, 
respectively, by their congeners aluminum and phosphorxis. Such 
compounds might be formulated tentatively as*®* 


H 

1 

H 

H 

1 

Al 

H—P—H 

1 
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AI 

H—n' N—H 
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/\ 

H— p —H 
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H-Al^ H 
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/-H 
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1 

H—Al^ ^Al—H 

d' 


However, very little evidence indicating that such substances or their 

denvatives can be prepared has been offered. Although some poly- 

menc substances such as (HAINH)., (RAINH),, (RAINR),, and 

CKiAl—PR,), have been mentioned,*®* they do not have the aromatic 

characteristics of the borazoles. A fortuitous combination of donor- 

wceptor properties and siae relationships apparently renders the 
borazole arrangement unique.*®* 

dm-' 3«., M, 409 
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Oxy acids of boron and their salts 

The oxy acids of boron are of essentially two types: (1) the boric 
acids, which are based upon the anhydride boric oxide, and (2) the 
lower oxy acids, which are quite generally related to the boron hydrides 
and are presumably based upon boron to boron structural linkages. 
It is convenient to discuss these types separately. 

The Boric Acids and Their Salts. Phase studies of the system boric 
oxide-water^”- show the only stable hydrates of the oxide to be the 
!-hydrate or HBOj (metaboric acid) and the 3-hydrate or HjBO* 
(orthoboric acid). The hemi-hydrate or H 2 B 407 (tetraboric acid), 
although often reported in the older literature, apparently has no 
stable existence. There exist, however, many compounds (especially 
minerals) which appear to be derived from a series of polyboric acids, 
all of which are based upon boric oxide as the anhydride. Such acids 
cannot be isolated and are non-existent. Furthermore, there is no 
evidence that anionic aggregation (p. 276) occurs when orthoborate 
solutions are treated with progressively increasing quantities of acid. 
Characterization of these compounds as polyborates based upon a 
series of isopolyboric acids is, therefore, unwarranted, although it 
must be recognized that such a system has been followed in the naming 
of the materials. Even the nomenclature recommendations of the 
International Union of Chemistry have this approach.”* The^situa- 
tion is entirely analogous to that encountered with the silicates (pp. 
722-729) and is best discussed from the structural point of view. 

Unfortunately, no systematic investigations of borate structures 
have been reported. However, it is possible to use available ^ta m a 
basis for a reasonable structural approach.”* X-ray diffraction 
studies*” on orthoboric acid indicate a layer lattice with hexagonal 
symmetry in which every boron atom is covalently bonded to thi^ 
coplanar oxygen atoms and every oxygen atom is covalently bond^ 
to one boron atom and by hydrogen bonds to two other oxygen atoms^ 
The B—O and O—H ... 0 bond distances are, respectively, l.Je 
and 2.71 A, individual layers or sheets being 3.18 A apart. Ihe e^ 
meats of the structure ^vithin each layer may be represented pic Y 


tei 

111 


H Menael H. Schuli, and H. Deckert: Z. anarg. atigem. Ch€m.,nO, 49 (1934). 
W. P » H. A. Damiens. F. Fichter. and H. R6my: Am. 

l-or,ani. CU^i^. 2nd Ed., pp. 508^- 

z. Kn.,., ss, 0034). 
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etc. 




solid circles representing boron atoms, open circles oxygen atoms, and 
dotted lines hydrogen bonds. The unit of borate structures may thus 
be considered to be the planar BOs group, and structures dependent 
upon this group may be derived in the same fashion as was done for 
the tetrahedral Si 04 group with the silicates. 

Based upon such arrangements, the following types of structures 
might be distinguished: 

1. Discrete anions in which either individual BOi groups are present 
(BOi*'* or orthoborate) or a limited number of BO* groups are com¬ 
bined by sharing oxygen atoms (BjOr* or pyroborate). 

2. Extended anions in which individual BOi groups are linked into 
chmns or rings (e.g., BjOe^*, BjO«”*, or metaborate). 

3. Two-dimensional sheets in which all the oxygen atoms of each 
BO» group are shared with other BOi groups (e.g., B>0»; BkOio~‘, or 
pentaborate). 

Each of these may be discussed briefly. 

DISCRETE ANIONS. Orthobofates, containing discrete BOi~* groups, 
are limited in number, but they are formed by a number <rf tripositive 
metals. The structures of the compounds ScBOa, YBOt, and InBO* 
are all s im i la r to those of compounds of the types M"CO* and M*NOj.”‘ 
Each contains planar BOi groups. The mineral hambergite, Bci- 
(BOs)OH, contains OH and BOi groups so arranged that each beryl- 

*** V. M. Goldschmidt: JVacftr, <f«. IKw. GCiL, 19SS, 53 . 
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lium ion is surrounded tctrahedrally by oxygen atoms.*” Sharing 
one oxygen between two BO 3 groups giv es the pyroboratc arrangement 



Crystalline cobalt(II) pyroborate, Co 2 BjOi, has been shown by x-ray 
studies to contain the group, formed by two BOj”* triangles 

sharing a single oxygen atom.**® The mineral ascharite, MgjBjOs'HjO 
may be of this type also. 

EXTENDED ANIONS. Each BO 3 group may share two oxygen atoms 
to give infinite chain or discrete ring structures as 




In each instance the empirical composition would be (BOj)n“", i.e., 
the metaborate composition. An infinite chain arrangement is char¬ 
acteristic of calcium metaborate, Ca(BO*) 2 ,*‘^’*‘® the boron-oxygen 
chains being held together by calcium ions. An analogy to the pyrox¬ 
ene structure (p. 725) is apparent. Amphibole (p. 726) analogs, 
however, have not been characterized with certainty although such 
an arrangement may characterize borax, NajB«O 7 l 0 H 2 O, or kernite, 
NaiB 407 - 4 H 20 , since they have the requisite BiOt"* empirical stoi¬ 
chiometry. Six-membered BjOj rings are characteristic of sodium 
and potassium metaborates,*** the B—0 distances being 1.38 A in 
the ring and 1.33 A outside. These compounds should be assigne 
trimeric formulas, Ma'BaOc The same ring system has been encoun- 

*'*S. V. Berger: Acta Chem. Si-and., 4 , 1054 (1950). 

W. n. Zacharinsen: Proc. Nall. Acad. Set., 17, CI7 (1931). 

*•« W. H. Zachariaacn and G. E. Ziegler: Z. Krist., 88, 354 (1932). 

*** W. H. Zachariasen: J. Chem. Phya., 6, 919 (1937). 
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tered with other boron-oxygen compounds (pp. 751, 805). The 
metaborates are common derivatives of the heavy metals. 

TWO-DIMENSIONAL SHEETS. Such an arrangement is presumably 

found in crystalline boric oxide (p. 752). In combination with BO 4 
tetrahedra, it may be characteristic of borates such as the pentaborate 
KHiBiOio ^HjO for which one might write*®* 



Such considerations may provide a key to borate structures. It 
must be admitted, however, that our present state of knowledge does 
not permit systematic classification of such substances as colemanite, 
CaaBeOirSHjO; boracite, 2 MgsB 60 is‘MgCls; or boronatrocalcite, 
NajB 407 CajBe0u l6Hj0, The same may be said of the so-called 
boron ultramarines, which are obtained by fusing borax with sodium 
sulfide or sulfur,**® and many of the borosilicates. 

Orthoboric acid is a flaky crystalline compound, which occurs in 
but a single crystalline form.*®^ It is moderately soluble in cold water 
and quite soluble in hot water. It decomposes to metaboric acid and 
then to boric oxide (p. 752) when heated, but volatilizes in steam. 
Steams from certain natural fumaroles (especially in Tuscany, Italy) 
contain appreciable quantities of boric acid. Solid metaboric acid 
exists in three crystalline forms, one of which is stable (m.p. 236®C.) 
and the others of which are metastable (m.p. 201® and He^C.). The 
extreme weakness of boric acid in aqueous solutions (fc\, = 5.8 X 
10“*®, fc *, = 1.8 X 10“**, = 3 X 10“**) indicates extensive hydroly¬ 

sis of soluble (alkali metal) borates. The enhanced strength of boric 
acid in the presence of polyhydroxy compounds has been discussed 
(pp. 763-764). Orthoboric acid is obtained by treating a concen¬ 
trated alkali metal borate solution with hydrochloric acid and is puri¬ 
fied by crystallization from water. All borates are decomposed to 
orthoboric acid by strong acid. 

Boric acid readily forms a variety of heteropoly acids and salts with 
molybic and tungstic acids and their derivatives (pp. 274r-276). 

^ ^ peroxyhydrated borates (pp! 

Oil 

J. Hofmann; Z, anorg. aUgem, Chan., 188, 37 (1929). 
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Lower Oxy Acids of Boron and Their Salts. Certain compounds of 
these types have been mentioned in discussions of the lower halides 
(p. 749), the lower oxides (p. 753), and the hydrides (pp. 776, 781) 
of boron. Several types of compounds have been described, namely, 
kypoborates, derived from HjfHeBiOt]; suthborates, derived from 
and borohydrates, derived from a- and ^-HjIHiBjOj], 
HafBiOj), HifBjOj], etc. All these compounds are apparently char¬ 
acterized by boron to boron linkages, and it is probable that all are 
related to each other. The preparation and properties of these mate¬ 
rials are described in detail in two reviews.’^' *’* 

HYPOBORATES. Reaction of tetraborane with aqueous potassium 
hydroxide liberates hydrogen and gives a solution from which a com¬ 
pound of empirical composition KOBHj can be recovered by vacuum 
evaporation at 0®C. (p. 776).*®®'*” Reaction of diborane with potas¬ 
sium hydroxide gives the same compound but in smaller yields. The 
compound is stable in dry air at ordinary temperatures. When 
heated in vacuo it loses some water and hydrogen at 110*C. and is said 
to decompose at 400® to 450®C. according to the equation 

SKOBHi -» K,B,0, -f 2K + 2H,0 + VH 2 

It dissolves in water to give alkaline solutions which slowly decompose 
to borate and hydrogen. The rate of this decomposition is increased 
by addition of acids, but addition of alkalies effects stabilization. 
Aqueous solutions are strongly reducing,*® converting silver, mercury, 
arsenic, antimony, and bismuth compounds to the free metals, copper 
compounds to copper hydride, and nickel compounds to black nickel 
boride, NijB (p. 770). The last reaction is a sensitive test for hypo- 
borate. In its reducing character, the hypoborate is comparable to 
the hjrpophosphite. 

The diamagnetic character of the potassium compound’®* suggests 
that the formula be doubled, thus giving the anion A 

possible electronic formula for such an anion might be 

r ^ T’ 

« • • • 

H ; B : 0 : H 

# 4 

H : B : O : H 

H 

although no supporting data are available. 

H. Terrey: Ann. Reports, 34, 132 (1937). 

•T* R. C. Ray: Chem. <fc /nd., 1946, 322. 

*»» A. Stock and E. KufB; Ber., 47, 810 (1914). 
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SUBBORATES. RcactioDS of boroD subchloride with water” and 
alcohols” to give, respectively, subboric acid, H 4 [Bi 04 ], and its esters, 
R4lBi04], have been described (p. 749). The free acid is formed as 
a white, comparatively stable solid when the esters are hydrolyzed 
in yocuo.” Aqueous solutions of the acid decompose as 

H4[B,04] + 2H,0 2H,BO, + H, 


but are somewhat stabilized by either acid or alkali. The acid is a 
strong reducing agent in aqueous solution, converting copper and silver 
salts to the free metals, mercury(II) compounds to mercury(I), and 
manganese(VIl) to manganese(ll). Unlike hypoborate, it does not 
form nickel boride, and, unlike the various borohydrates, it does not 
reduce iodine. 

The acid is derived from the oxide BjO* (p. 753). Proof of the 
presence of a boron to boron linkage in the molecule lies in synthesis 
of the esters from alkoxyboron halides by a “ Wurtz reaction” as®^ 


R—0 
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B—Cl + 2Na + Cl!—B 
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0—R 
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The acid must then have the structure 


H: 0 


■0:H 


• • 


B*. B 



BOROHYDRATES. This name had its origin in fancied resemblances 
of these compounds to the carbohydrates.*’* However, there is 
justification for its retention because these materials are closely related 
to the boron hydrides and borobydrides in properties and presumably 
in structures. 

Although acid hydrolysis of magnesium boride is useful in the prepa¬ 
ration of boron hydrides (pp. 770-777), it was early observed that 
hydrolysis with water alone yields a variety of oxygenated compounds, 
the borohydrates,”-Thus reaction of a specially prepared 

M. W. Travers and R. C. Ray: Proc. Rof/al Soc. (Londoti), A87, 163 (1912). 

M. W. Travers, R. C. Ray, and N. M. Gupta: Some Compounds of Boron, 
Oxygen, and Hydrogen. H. K. I^ewis and Co., London (1917). 
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magnesium boride (from heating to redness in hydrogen an intimate 
mixture of 1 part of boric oxide and 2)4 parts of magnesium) with 
water gave only traces of hydrogen and boron hydrides but formed a 
solution which evolved hydrogen on treatment with acids and reduced 
iodine.”* Solutions with similar properties but yielding only half 
as much hydrogen when acidified were obtained by similar hydrolysis 
of a boride containing boric acid and magnesium.From the char¬ 
acteristics of these solutions, the presence of two isomeric compounds 
of composition H 6 Bj 02 was deduced. 

Magnesium salts of such acids cannot be isolated, but two isomeric 
potassium compounds have been prepared. Treatment of pure mag¬ 
nesium boride with A^/100 potassium hydroxide, followed by fractional 
crystallization after removal of precipitated magnesium hydrox¬ 
ide, yielded a water-soluble, crystalline compound of composition 
KjIH<BjOj], the so-called alpha salt.” A comparable procedure, 
using magnesium boride containing 2% magnesium powder and 15% 
boric acid, gave isomeric and another salt KjfHjBjO*].”* 

The compound ^-Kj(H4B202) was converted to a tetra-potassium salt, 
)9-K4[H2B202l, by potassium hydroxide, but no such conversion is 
reported for a-K2lH4B202]. All these salts are crystalline compounds 
which, in solution, give copper hydride with copper salts, the free 
metals with gold and silver compounds, and green precipitates con¬ 
taining nickel and boron with nickel salts. With the exception of 
/S-K 2 (H 4 B 202 ) they are reported to be stable in vacuo or in dry, carbon 
dioxide-free air. 

Hydrolysis of magnesium boride normally yields the substance 
Mg 3 B 2 (OH )6 as an intermediate, and presumably subsequent reac¬ 
tions convert this material to boron hydrides. However, at tem¬ 
peratures below — 10®C., the primary hydrolysis product is HiBr 
(MgOH) 3 ,^’^ an analog of the compound H^i(MgOH )2 formed in the 
hydrolysis of magnesium silicide (p. 675). Although this compound is 
largely converted to the compound MgaB 2 (OH)« at more elevated 
temperatures as 

HiBi(MgOH), + 3 HaO -» Mg.BafOH)* + 3H, 

a small portion (ca. 10%) is converted to the borohydrates 
a-H 2 [H 4 B 302 ] and ^-HalHaBjOj]. The residue, Mg 3 B 2 (OH) 8 , when 
extracted with aqueous ammonia in an atmosphere of hydrogen, yields 

R. C. Ray: Trans. Faraday Soc., 83, 1260 (1937). 

R. C. Ray and P. C. Sinha: J. Chem. Soc., 1936, 1694. 
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a solution from which the compounds (NH«)j(H«B202) and (NH^r 
[B40«] can be crystallized.” A material HuB^O* apparently forms as 
an hydrolysis product of Mg3B2(OH)6,*” but its derivatives have not 
been isolated. The relationships existing among all these compounds 
are summarized in Table 17T7.*” In the presence of acids, the 
hydrolytic decomposition 

2H,B2(MgOH)a + 6 H 2 O -* B^H.o + 6 Mg(OH)j + H, 

is favored. 


TABLE 1717 

Rrlationships among the Borohtdrates 

+0HtO A 

-»Mg,B,(OH).-► -► B«0» 

(vac.) 

+ HtO 

-» H,B,0, 


+3HtO +H>0 

Mg.B,-» H,B,(MgOH),- 


+H* +I 1 




+H* 

a-H(BiOt-► H 


*B|Oj—^ 


+ 2HfO 

B,0,-► H«B,0« 


Physical data which might indicate the structures of these com¬ 
pounds are lacking. It has been suggested”* that isomeric forms of 
the material HjBjOs are due to cts-/rons isomerism based upon double- 
bonded structures as 
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Loss of more hydrogen atoms by the a-form then occurs readily to 
give HtBjO, 


• • 

B:0:H 
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is produced. However, the possibility of bridging structures must not 
be discounted since these compounds are intimately related to the 
boron hydrides. 

AH the lower oxy acids of boron can be considered as hydrolysis 
products of tetraborane in terms of the equations”* 


B,Hio + 4HaO — 2H,(HeB,0,] + H, 

B4 H,o + 8H,0 2H4[Bi04l + QH* 

B4H10 “h 4H1O —* 2H2[H4BjOil(ot and 0) 4" 3Hj 
B4H10 + 4H2O 2H,[B,0,] + 7H, 

B4 H,o + 4H,0 — 2H,[HjBiO,] + 5H, 

B4H,o + 6H,0 — H„B40« + 5Hj 
B4H10 + 6H,0 H2IB40*] + lOH, 

although only the 6rst two reactions have been carried out exper^en- 
tally (BiOj is formed in the second).*® Only H 4 [Bj 04 ] is sufficiently 
stable to be isolated in the free condition. 

Compounds containing cationic boron 

Although boron is electropositive in the majority of its compounds, 
simple cationic boron is non-existent (p. 736). Cationic boron com¬ 
pounds are formed when chelating groups (e.g., ^ketones) which 
satisfy all four coordination positions around the boron atom, but have 
only two primary valencies, are present (p. 765). There exist also a 
number of boron derivatives of oxy acids which have the formal com¬ 
positions of boron salts. These are sometimes caUed boryl compoun^. 

Perhaps best characterized are the orthophosphate, BPO 4 , and the 
orthoarsenate, BASO 4 . Both these compounds have crystal structures 
of the distorted high cristobalite type (p. 691), with both the boron 
and phosphorus or arsenic atoms surrounded tetrahedrally by oxygens, 
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each oxygen belonging to both a boron tetrahedron and a plio.sphorus 
or arsenic tetrahedron.The calculated (x-ray) specific gravities 
are 2.802 and 3.G60 for the phosphate and the arsenate, respectively, 
The corresponding aluminum compounds have quartz structures. 
Boron phosphate and arsenate are somewhat soluble in water when 
prepared at low temperatures and arc hydrolyzed, giving acidic solu¬ 
tions. Hydrates, BPO^-xHjO (z = 6, 5, 4, 3) and BAs 04 *f/IIi 0 
(y s 6, 3), form,**® and the 3-hydrates give monoammines with 
ammonia.*®® When heated, the anhydrous compounds become in.solu- 
ble and resist hydrolysis. Crystallization occurs at elevated tempera¬ 
tures.*” Boron phosphate begins to vaporize only at ca. 1450®C.**' 
Boron phosphate is prepared by evaporating mixtures of boric and 
phosphoric acids and heating the residues*®*"*®* or by heating boric 
oxide with diammonium hydrogen orthophosphate.*” Boron arsenate 
is obtained by comparable procedures. Boric acid and boron phos¬ 
phate are the only stable solid phases in the system B 20 j-p 40 io-HjO.**® 
From the system BjOs-SOj-HjO, the materials BtOa SOj-4IIaO and 
2B20»-S0i-3H20 can be isolated**® as crystalline, hygroscopic solids. 
In anhydrous systems, the solids BjOs SOj and Bj0a-2S08 form.*®* 
Little concrete evidence exists for the hydrogen sulfate, B(HSOdj. 
Reaction of boric oxide with anhydrides of various carboxylic acids 
gives compounds of the type B(O CO R)s,*** the best-characterized 
material being the acetate, B(O CO CH 8 ) 3 . It is a solid, m.p. 147® to 
148®C.,*®* which dissolves in chloroform or acetone but decomposes 
when vaporized. 
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Periodic Group I 
The Alkali and Coinage Metals 


All the remaining representative elements, those in Periodic Groups 
I and II, are metals. A number of the compounds of these elements 
have been considered in previous chapters (Ch. 13-17), where various 
anionic species derived from the non-metals have been discussed. It 
seems reasonable, therefore, to restrict the current discussion some¬ 
what and to describe specifically only those phases of the chemistries 
of these metals which are strictly characteristic of the free elements 
themselves and of the ions which they form. This approach is followed 
in both this chapter and Chapter 19. The approach adopted seems 
to be handled best by discussions on comparative bases. To this end, 
not only are the members of a given family described, but also both 
families in each periodic group are included in the same discussion. 
The advantages of such a presentation are apparent. 

Of the Periodic Group la elements (the alkali metals), only sodium 
and potassium are really familiar and abundant (Li 6.5 X 10 *%, 
Na 2.83%, K 2.59%, Rb 3.1 X 10->%, Cs 7 X ir‘%, Fr ca. 0% of 
the igneous rocks of the earth). The heaviest alkali metal, francium, 
occurs in nature only in minute quantities as a short-lived radioisotope 
formed by the branching alpha decay of actinium (Appendix II, p- 
918).*'*'* Of the coinage metals, none is particularly abundant 
(Cu 1 X 10-*%, Ag 10-*%, Au 10-»% of the crust of the earth), but 
all have become familiar either because of occurrence in concentrated 
deposits or because of possession of desirable properties which has 
promoted production for many centuries. 


GROUP AND FAMILY RELATIONSHIPS AMONG THE ELEMENTS 

Numerical properties characterizing the alkali and coinage metals 
are summarized, Lpectively, in Table 181 and Table 18-2. Among 


* M. Perey: Compl. rend., 208, 97 (1939). 

* M Perey DisserUtion, University of Paris (1940). 
. m! PereJ: J. Mm. Phy... «, 155, 262, 269 (1946). 
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TABLE 18-1 

Nuuebical Properties op the Alkali Metai^ 


Property 

Lithium 

Sodium 

Potassium 

Rubidium 

Cesium 

Francium 

Atomic Dumber 

3 

11 

10 

37 

55 

87 

Outer eleciroDio eonfiguratioD 

ls*2i^ 

2i*2p«3s^ 

3s^3pMs> 

4iMp*$s> 

6«i$pS6|t 

6i«6p«7si 

Maas oumberi, natural iaotopea 

6, 7 

23 

30. 40.* 41 

65, 67* 

133 

223* 

Atomic weight 

6.040 

22.007 

30.006 

65.46 

132.01 


Density of solid at 20*C.. 







grama/cc. 

0.535 

0.071 

0.662 

1.532 

1.00 


Atomic Tolume of solid, cc. 

13.07 

23.66 

45.36 

55.60 

60.05 


Melti&g point, 

170 

97.0 

63.5 

80.0 

28.45 


Boiling point. ^C. 

1336 

662.0 

757.5 

700 

670 


Heat of sublimation at 2S*C., 







keal./gram atom 

36.44 

26.06 

21.52 

20,60 

16.63 


Ionisation potential, ev 

5.300 

5.136 

4.330 

4.176 

3.803 


Beat of hydration of gaaeous 







ion. keal./mole 

123 

97 

77 

70 

63 


for M ^ M* + •*. volts 

3.02 

2.71 

2.02 

2.00 

3.02 , 


Electronegativity 

1.0 

0.0 

0.6 

0.6 

mwm 


Radii. A 





■H 


M 

1.225 

1.572 

2.025 

2.16 



M* 

0.60 

0.05 

1.36 

1.46 



Oas moleeulea, Mi 







Bond energy, keal./mole 

27.2 

17.5 

11.6 

11.3 



Bond distance, oba.. A 

2.67 

3.06 

3.01 




Bond distance, calc.. A 

2.66 

3.14 

4.06 

4.S2 


1 




TABLE 182 

Numerical Properties op the Coinage Metals 


IVoperty 


Atomic number 
Outer electronic configuration 
Mass numbers, natural isotopes 
Atomic weight 

Density of solid at 20*0., grams/cc. 
Atomic volume of solid, cc. 

Melting point, *C. 

Boiling point, *C. 

Ionization potential, ev 
lor 

M M+ + «- 
M ^ M+* + 2«- 
Radii, A 
M 
M+ 


Copper 

SUver 

Gold 

29 

47 

79 

3<i‘®4s‘ 

4<i<«5<> 

5<i>*6s‘ 

63. 65 

107, 109 

197 

63.54 

107.880 

197.2 

8.92 

10.5 

19.3 

7.12 

10.27 

10.22 

1083 

960.5 

1063 

2310 

1950 

2600 

7.723 

7.674 

9.223 

-0.522 

-0.799 

-1.68 

-0.3448 

-1.389 


1.173 

1.339 

1.336 

0.96 

1.26 

1.37 












820 


The Alkali and Coinage Metals 


Ch, 18 


the alkali metals, observed trends in properties are strictly in accord 
with those predicted on the bases of electronic configurations and 
nuclear charges of the component atoms. Thus, paralleling addition 
of electrons to higher and higher energy levels, there is a regular and 
marked increase in atomic size with increasing atomic number. This 
is reflected in values for atomic volumes and atomic radii and is 
implicit in values for crystal radii of the unipositive ions. The elec¬ 
tronic configurations of atoms of the alkali metals are not conducive to 
large attractions between adjacent atoms. As a consequence, the 
members of the family are characterized by softness, by low melting 
points, by low sublimation energies, and by low boiling points. That 
all these decrease with increasing atomic numbers is consistent \vith 
parallel increases in atomic sizes. Atoms of the alkali metals are com¬ 
paratively large. This factor combines \vith the presence of but single 
valence electrons outside inert gas atom arrangements to permit ready 
loss of electrons and consequent ease of oxidation. This character¬ 
istic is reflected not only in the ionization potential, standard potential, 
and electronegativity values summarized in Table 18T, but also in 
the excellent electrical conductivities of these metals and in their ready 
solubilities in liquid ammonia (pp. 217-218, 347-349). In fact, the 
chemical behaviors of the alkali metals are almost entirely dependent 
upon electron loss. Ease of electron loss of course increases with 
increasing atomic size, the apparent anomaly in standard potential 
values resulting from hydration effects as previously described (pp. 


205-296). . , . , 

Among the coinage metals, trends in properties are somewhat less 

regular and less subject to ready interpretation. Thus a^hough the 

silver atom is somewhat larger than the copper atom, delayed effects 

of the lanthanide contraction (pp. 146-150) so reduce 
gold atom that its radius is essentially the same as that of the silve 
atom The increased electron populations of the immediately under¬ 
lying shells promote attractions between atoms of these » 

as a consequence the hardnesses, melting points, and boiling p 
a e greaterThan those of the alkali metals. Increased densities residt 
frr^m pnhanced packing in the solid state. Addition of electrons to 
shells (nd in general) combine with increased nuclear charges to 

;;r“ 

m two families are more profound than one might expect on 
between the R^m-Hal^er tvne treatment already 

this basis alone. In terms o higher boiling points 

de.scribed (pp. 184-18G), it is apparent that the highc 
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of the coinage metals contribute significantly to their nobilities. As 
evidence of their enhanced resistance to oxidation, ionization potential 
and oxidation potential values may be cited (Table 18 2). It is par¬ 
ticularly striking that among the coinage metals ease of electron loss 
actually decreases with increasing atomic size. The same phenomenon 
is of course characteristic also of the members of succeeding periodic 
families (e.g., lib, Illb, etc.). This is due, of course, to the fact that 
size increases are insufficient to counterbalance the opposing nuclear 
charge increases. 

The alkali metals exist in a uniform positive one state of oxidation 
in all their compounds. Such compounds are inherently ionic, and 
the chemistries of the alkali metals are largely the chemistries of their 
unipositive ions. Numerous references to this state of oxidation and 
to these ions have appeared in earlier sections of this book. Actually, 
the chemistry of the alkali metals is simpler by far than that of any 
other family of metallic elements. 

The electronic arrangements (n — l)d‘®n5* characteristic of the 
coinage metal atoms permit the removal of more than a single electron 
since energy differences between the ns and {n — \)d electrons are not 
major (p. 96). Oxidation states of +1, +2, and +3 are quite gener¬ 
ally encountered wth all these elements. Although the +1 state might 
be regarded as most characteristic, the +2 state with copper and the +3 
state with gold are more common and more resistant to reduction than 
the +1 states. For silver, the reverse is true. That the 18-electron 
underlying arrangement is more easily deformed than the 8-electron 
arrangement renders even the +1 state more covalent in character for 
these elements than for the alkalies. Covalent complexes involving 
all these oxidation states are common and are often representative of 
stabilizations of the various states (pp. 303-304, 825-826). Negative 
oxidation states are precluded for all elements in this group. 

It is of interest that, although the alkali metals give vapors which 
are predominantly monatomic, appreciable numbers (ca. 1% of the 
whole) of diatomic molecules can be detected by band spectra measure¬ 
ments. Bond energies and internuclear distances*-® characterizing 
these molecules are summarized in Table 18T. Such molecules are 
apparently covalent in character and result from the sharing of the 
ns> electrons characterizing the alkali metal atoms.^ The small bind- 

* J. H. Bartlett and W. H. Furry: Phys. Rtv., S8, 1615 (1931). 

* N. I^sen and S. Ikehara: Phya. Rev., 43, 5 (1033). 

* F. W. I^omis and P. Kusch: Phya. Ret<., 46, 292 (1934). 

^L. Pauling: The Nature of the Chemical Bond, 2nd Ed., p. 50. Cornell Uni- 
veristy Press, Ithaca (1940). 
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ing energies of these valence electrons and the necessary large spatial 
extensions of the orbitals combine to render these molecules compara¬ 
tively unstable. 

CHEMICAL CHARACTERISTICS OF THE ELEMENTS 

The more important aspects of the chemical behaviors of the ele¬ 
ments in the two families of this group are summarized in Table 18'3. 
Save for differences in oxidation states, the essential differences in the 
reactions of the alkali and coinage metals are compatible ^vith the 
differences in ease of electron loss as discussed above. Much greater 
regularity can be distinguished in the reactions of the alkali metals 
than in those of the coinage metals. This stems again from simplicity 
in electronic structure combined with the stability of the inert gas 
atom arrangement. Although among thei alkali metals activity 
increases regularly wth most reagents (e.g., wth dry oxygen, dry 
bromine) >\'ith increasing size, it is signihcant that mth the very small 
non-metals (e.g., hydrogen, nitrogen, carbon) the reverse is true, 
lithium being the most reactive. This is associated with the fact that 
combination of smalt gaseous cations mth small gaseous anions 
releases proportionately large amounts of energy and thus imparts to 
compounds of such types comparatively large heats of formation (pp. 
184-185). The alkali metals are our most reactive metals; the coinage 
metals, except copper, are among our least reactive. It is important 
to remember that the reducing powers of the coinage metals are influ¬ 
enced tremendously by the presence of groups which can precipitate 
or complex the oxidation products (pp. 303-304, 825-826). 

PREPARATION AND PRODUCTION OF THE FREE METALS 

Because of their strong reducing powers, the alkali metals are best 
prepared by electrolytic means. Electrolytic reduction of aqueous 
salt solutions of course yields hydrogen, but, if a cathode (e.g., mer¬ 
cury) on which hydrogen has a high overvoltage is employed, the alkali 
metal may be deposited as an alloy (e.g., an amalgam). However, 
recovery of the free metals from such alloys is difficult. Electrolytic 
reduction of fused salts (e.g., chlorides, hydroxides, cyanides) giv^ 
pure alkali metals. Thus commercial sodium is produced annually 
to the extent of many thousands of tons in the United States alone by 
electrolysis of the fused chloride (Downs process). Among useful 
small-scale preparative procedures one might list thermal decomposi- 
tion of the azides (p. 588). The volatilities of the alkali metals com¬ 
bine with the comparatively small heats of formation of certain ol 
their compounds (e.g., oxides, sulfides) to permit preparations by 
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thermal reduction procedures. Thus reduction of carbonates with 
carbon, of chlorides with calcium or even sodium, of hydroxides or 
sulfides with iron, aluminum, or magnesium, etc., are all feasible small- 
scale procedures in which the metals are produced in the gaseous state. 
Production of potassium is on a relatively small scale since this metal 
offers no technical advantages over sodium.® The rarer members of 
the family are recovered only in minor quantities for special purposes. 

Decreases in the reducing powers of the coinage metals render their 
preparations much simpler. Oxygenated compounds of all these ele¬ 
ments are readily reduced at elevated temperatures, and in fact Avith 
silver and gold compounds addition of auxiliary reducing agents is 
seldom necessary since direct decompositions to the metals occur 
readily. Similarly, electrolytic reductions, even in aqueous media, 
are easy to effect, purification of all these elements being brought about 
commonly in this way. Although conversions of pure compounds to 
the free elements present no difficulties, the technical recoveries of the 
metals from natural sources are somewhat more involved. Native 
copper, because of its occurrence in massive or near massive forms, is 
easily recovered by gravity classification and fusion. However, 
because native silver and gold are often found in trace quantities, 
rather involved procedures are essential. Most effective is extraction 
with aqueous cyanide, followed by precipitation with zinc. In these 
reactions, complexing with cyanide ion so alters the oxidation poten¬ 
tials of these metals that they can be oxidized by atmospheric oxygen 
or peroxide. Of course, any naturally occurring compounds of these 
elements are also soluble under these conditions and can be extracted. 
The lead, copper, and nickel industries contribute major quantities 
of by-product silver. Most technical copper comes from sulfide ores, 
which are treated by a complicated process of roasting and reduction to 
yield the metal. The utilities of these metals are familiar to everyone. 

COMPOUNDS OF THE GROUP I ELEMENTS 


In view of the coverage of compound types in a general way in pre¬ 
ceding chapters, it seems reasonable to limit discussion of the individual 
compound types of these elements to comparisons rather than to 
detailed descriptions of preparations, properties, uses, etc. Factual 
information of this type is contained in many freshman textbooks 
and should be reviewed. It is valuable to include also some data on 
the various oxidation states of the coinage metals and to discuss in 
some detail instances of covalent bonding in both families. 

• H N. Gilbert: Chem. Eng. Sewi, 26, 2004 (1948). 
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Oxidation states among the coinage metals 

As previously indicated (p. 821), the coinage metals are distinguished 
from the alkali metals by their abilities to exist in +2 and +3 oxida¬ 
tion states as well as in the +1 state. Not all these states are com¬ 
pletely characterized for all the coinage metals, nor can it be said that 


TABLE 184 

Typical Oxidation Potentials fob Coinage Metais 

volte 

Couple 

Half-Reaction 

Cu(0)-Cu(I) 

Cu + zHjO Cu+(aq) + 

-0.622 

2Cu + 20H- ;=i CujO + H,0 -f- 2«- 

0.361 

CuCO)-Cu(II) 

Cu + xHjO ^ Cu-^*(aq) + 2€- 

-0.3448 

Cu + 20H- Cu(OH)i + 2€- 

0.268 

Cu(I)-Cu(lI) 

Cu+ ^ Cu-"* -f e- 

-0.167 

Cu,0 + H,0 -h 20H- 2Cu(OH), + 2e- 

0.087 

Cu(II)-Cu(III) 

Cu+* ^ Cu+* + «- 

< -1.8 

Cu(OH), -1- 20H- ^ CuOr + 2HtO + «" 

< -0.8 

Ag(0)-Ag(I) 

Ag + xHfO Ag-^faq) + «“ 

-0.7995 

2Ag + 20H- Ag,0 + H,0 + 2<- 

-0.344 

Agdl-Agdl) 

Ag" ^ Ag-"* + e" 

-1.98 

Ag,0 + 20H- ^ 2AgO + H,0 + 2<- 

-0.67 

Agd)-Ag(III) 

Ag-" + H,0 AgO+ + 2H+ -f 2«- 

ca. —2.0 

AgdD-AgdII) 

Ag+* -1- H,0 AgO* + 2H+ + e- 

ca. —2.1 


2AgO + 20H ;=i AgiO, + H,0 + 2e- 

-0.74 

Au(0)-Au(I) 

Au + xHjO ;= Au-"(aq) + e~ 

ca. -1.68 


Au + 2Br" xi lAuBtil" + e~ 

-0.96 


Au + 2SCN- x± (Au(SCN),l- -I- f 

-0.69 


Au -h I” ^ Aul + «” 

-0.50 


Au + 2CN- xi (Au(CN),)- -|- «" 

0.60 

Au(O)-Audll) 

Au -1- xHjO ^ Au'"*(aq) + 

-1.42 


Au + 4C1” ^ [AuCl«)** *{■ Se**. 

-1.00 


Au + 4Br x^ (AuBr«l" + 3e“ 

-0.87 


Au d" 40H'“ AuOi“ ^ 2H|0 + 3«~ 

ca. —0.5 

Au(I)-Au(lI) 

Au-" ^ Au-« + t- 

< -1.29(?) 

Au(I)-Au(III) 

Au-" xx Au+* + 2e- 

ca. -1.29 


lAuBril” + 2Br’' ^ (AuBrij" 4* 2e“ 

-0.82 


(Au(SCN),l- + 2SCN- XX [AufSCN).]- + 2«- 

-0.69 

Au(II)-Au(III) 

Au-"» ^ Au-"* + t- 

> -1.29(?) 


even where all are known for a given metal are all the relationships 
among them understood completely. There appears to be no par¬ 
ticular regularity in characteristic oxidation states among these metals. 
This is apparent in the fundamental potential values sununarized for 
copper, silver, and gold in Table 18*4. It is immediately apparent also 
that data on the simple equated ions are incomplete. This arises, of 
course, from the fact that oxidizing and reducing powers are at general 
maximum values for these species, making the formation and study 
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of such species exceedingly difficult. Stabilization of these oxidation 
states cither through insolubility or complex formation is common. 
In this connection, additional potentials on copper and silver couples 
discussed in Chapter 8 (pp. 303-304) should be consulted. 

Oxidation State -j-l. Although characteristic of all three metals, 
this oxidation state is common and essentially stable only for silver! 
For copper, potential values show that, although it is easy to oxidize 
the metal to the +1 state in the presence of various precipitating and 
complexing agents, the +2 state is the more stable in aqueous solu¬ 
tions. In the absence of such agents, then, oxidation in solution gives 
the +2 state, and unipositive copper compounds are unstable with 
respect to the transformation 

2Cu+-*Cu'>-f Cu+* 

Furthermore, reduction of dipositive copper normally yields the metal, 
the +1 state being produced only if suitable precipitants or complexing 
groups are present. This is perhaps more apparent if the equation 
just given is expressed as an equilibrium. Calculations from potential 
data (pp. 299-300) then show the equilibrium constant at 25“C. to be 

^^398 = Cc,m/C?„. = 1.2 X 10® (18-1) 

a value in general agreement with experimental data on the quantities 
of copper(I) in equilibrium with copper(II) solutions containing 
copper.®' Thus the equilibrium concentration of Cu+’^ ion is always 
ca. 10* times the square of that of Cu'^ ion and copper(I) materials 
can be stable only so long as they produce a limited concentration of 
Cu'*’ ions In practice, this means that, although insoluble copper(I) 
compounds are reasonably common (e.g., chloride, bromide, iodide, 
oxide, sulfide), water-soluble materials exist only in the presence of 
complexing groups (e.g., chloride ion, cyanide ion, ammonia, aceto¬ 
nitrile). Indeed, in the presence of complexing groups (ethylenedi- 
amine is a notable exception), copper(I) is commonly more stable than 
copper{II)." 

The differences between the copper and silver systems are again 
obvious in terms of potential data. It is apparent that, although 
disproportionation of silver(I) may occur as 

2Ag+ Ag* -f Ag+* 


• F. Fenwick: J. Am. Chem. See., 48, 860 (1926). 

Heinerth: Z. Elekirochem., 37, 61 (1931). 

'* J. E. B. Randles: J. Chem. Soe., 1941, 802. 
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the equilibrium is so far displaced toward 8i!ver(I) (K,ia == ca. 10"”) 
that in practice disproportionation never does occur. Silver(n is thus 
the stable state in aqueous solution. For gold, the situation is similar 
to that for copper except that the +1 state reverts to the metal and 

the +3 state as 

3Au^- 2Au° + Au+* 

(iCi 98 = ca. 10“). Indeed, it appears that the only really stable 
gold(l) materials are the dicyaDoaurate(I) ion, [AufCN),)-, and pos¬ 
sibly the iodide, Aul. It is signiBcant in this respect that, although 
silver(I) fluoride is perfectly stable, the correspouding copper(I) and 
gold(I) compounds have not been well characterized. It is presumed 
that these compounds are sufficiently ionic to permit disproportiona¬ 
tions to occur. 

These remarks upon the stability of oxidation states are strictly 
applicable only for room temperature conditions. At elevated tem¬ 
peratures, there is every evidence that binary copper(I) compounds, 
for example, can be formed at the expense of the copper(II) materials. 
Thus copper{II) oxide loses oxygen and gives the copper(I) compound 
above 900®C. For the sulfide, an analogous decomposition occurs at 
red heat. Among the halides, decomposition temperatures for similar 
reactions decrease with increasing atomic weight of the halogen until 
for the iodide only the copper(I) compound can be prepared. The 
effects of temperature upon the oxidation state of copper are significant 
since it is well known that many igneous minerals contain only uni¬ 
positive copper. For gold, the situation is similar to the extent that 
gold(III) halides lose halogens when heated gently to form the gold(I) 
compounds prior to reduction to the metals. 

Simple copper(I) and gold(l) compounds are water insoluble but do 
dissolve in the presence of complexing groups. For silver, almost all 
compounds (except notably the fluoride, perchlorate, nitrate) are also 
water insoluble. The solubility of silver(I) fluoride (saturated solu¬ 
tion 14 y at the 25®C.) is remarkable when compared with the remark¬ 
ably low solubilities of the other silver halides. Silver perchlorate 
is even more remarkable in that it is soluble not only in water and other 
polar solvents but also in non-polar materials such as benzene and 
toluene. For ail cations, solubilities of the halides decrease with 
increasing atomic weights of the halogens. 

Evidences for covalence among a number of compounds in this 
oxidation state are presented later in this chapter. For the silver(I) 
compounds, in particular, colors may be used as criteria of covalency. 
Thus the increasing colors in the series chloride-bromide-iodide are 
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in direct agreement with the prediction of Pitzer and Hildebrand'* that 
increasing color is associated with increasing covalency (p. 211). 
That the same is true among oxy compounds is sho\vn by the data in 
Table 18*5. 

The nature of the species copper(I) has received considerable atten¬ 
tion, probably because its halides are associated in the vapor state 
(p. 832). However, it appears from potentiometric and solubility 
studies*^ that the ionic species is Cu'*' and that there is no justification 
for using the formulation Cui+*. 

TABLE 18-5 

Color and Covalency among Silver(I) Compounds 

Silver-Halogen or SUver-Oxygen 
Color Bond Distance, A 

of Ionic Radius Covalent Radius Bond 


(impound 

Crystals 

Measured 

Sum 

Sum 

Type 

AgF 

Yellow 

2.46 

• 2.62 

2.25 

Ionic 

AgCl 

Colorless 

2.77 

3.07 

2.52 



AgBr 

Pale yellow 

2.88 

3 21 

2.64 


• 

Agl 

Yellow 

3.05 

3.42 

2.81 

Covalent 

AgClO, 

Colorless 

2.51 

2.66 

2.27 

looic 

« 

Ag}S04 

Colorless 

2.50 

2.66 

2.27 



KAgCO, 

Colorless 

2.42 

2.66 

2.27 



AgiPO, 

Yellow 

2.34 

2.66 

2.27 



AgiAsO^ 

Red brown 

2.34 

2.66 

2.27 



AgiCOi 

Yellow 

2.30 

2.66 

2.27 

• 

' 

AgiO 

Black 

2.06 

2.66 

2.02* 

Covalent 


* Coordination number 2. 


Oxidation State +2. As sho^vn by the data in Table 18-4, this state 
is common and stable in solution in the absence of complexing species 
only ^vith copper. In addition to simple copper(II) compounds, 
many complex compounds are known. Although not a real problem 
here, it is apparent from potential data (pp. 303, 825) that the dipcra- 
tive state in copper is stabilized in certain instances by either insolu¬ 
bility or complex formation. 

For silver,'® the only stable simple compounds are the oxide and the 
fluoride, although a number of complex compounds are well charac¬ 
terized in the soUd state. Silver(II) oxide dissolves in oxidizing acids 
to give solutions \vith strong oxidizing powers. These solutions 

K. S. Pitzer and J. H. Hildebrand: J. Am. Chem. Soc., 63, 2472 (1941). 

i*L. Helmholz and R. Levine: J. Am. Chem. Soc., 

» J. Donohue and L. HclmhoU: J. Am. Chem. Soc., 66, 29^ 

» G. Bodlander and 0. Storbeck: Z. anorg. Chem., 81,1, 458 (lAJZ;. 

»• J. C. Bailar, Jr.: J. Chem. Education, 21, 523 (1944). 
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normally decompose quite rapidly, but solutions in concentrated nitric 
acid are reasonably stable. None of these solutions exhibits peroxide 
character. It may be assumed, therefore, that they contain Agy 
species. Silver(II) compounds are prepared either by electrolytic 
oxidation or by chemical oxidation with materials such as peroxydi- 

sulfate. They are useful oxidants. 

The classic studies of high valent silver compounds were made by 
A. A. Noyes and his students.The reaction between silver(I) 
nitrate and ozone in concentrated nitric acid was shown to proceed at 
a rate proportional to the concentration of each reactant but to yield 
solutions containing only dipositive silver. Two successive steps 
described by the equations 

Ag+ + Oa -» AgO+ + Oj (slow) 

AgO+ + Ag+ + 2H+ -»2Ag+= 4- HjO (fast) 

were believed responsible for the process. The chemical and magnetic 
characteristics of the resulting solutions were consistent with the 
presence of dipositive silver, although the ionic species present were 
not established positively. The listed oxidation potential (Table 
18-4) is a measure of the oxidizing power of silverfll) in nitric acid 
solution. This potential is of course considerably modified in the 
presence of reagents such as pyridine, dipyridyl, and o-phenanthroline, 
which yield comparatively stable silver(II) complexes (p. 301). 

Instances of dipositive character are somewhat more limited with 
gold. Although materials of stoichiometric compositions, AuSO«, 
AuO, SAuO HiO, etc., have been reported, the only apparently gold(ll) 
compound which is stable in contact with w'ater appears to be the 
black, insoluble sulfide, AuS. The existence of even this compound 
seems questionable, however, ance the very exhaustive studies of 
Gutbier and Diirrwachter” show that reaction of hydrogen sulfide 
Nvith chlorauric acid gives either gold metal, goldflll) sulfide, or mix¬ 
tures of the two as precipitates and no other materials. In the absence 
of structural and molecular weight data, it is of course difficult to 
determine \vith certainty that these materials are true gold(II) com- 

» A. A. Noyes, J. L. Hoard, and K. S. Piteer: J. Am. Chem. Soc., 87,1221 (1935). 

'* A. A. Noyes, K. S. Pitser, and C. L. Dunn: 7. Am. Chem. Soc., 67,1229 (1935). 

>» A. A. Noyes and A. Kossiakoff: J. Am. Chem. Soc., 67, 1238 (1935). 

*• A. A. Noyes, C. D. Coryell, F. Stitt, and A. Kossiakoff: J. Am. Chem. Soc., 
69, 1316 (1937). 

» A. A. Noyes, D. DeVault, C. D. Coryell, and T. J. Deahl: J. Am. Chem. Soc., 
69, 1326 (1937). 

** A. Gutbier and E. Dtlmvficbter: Z. anorg. allgem. Chem., 121, 266 (1932). 
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pounds. Equimolecular combinations of unipositive and tripositive 
materials would have the same stoichiometry. That such a possi¬ 
bility cannot be overlooked is indicated by the fact that formal 
gold(II) compounds of the type M'AuClj (M* usually Cs) are actually 
diamagnetic,” precluding the existence of dipositive gold, and have 
crystal structures” containing linear [AuClj]~ and square planar 
(AuCU)" ions. These black compounds are thus written more prop¬ 
erly M 3 ‘Au*Au*"Cl 8 . Potential values recorded in Table 18-4 for the 
Au(I)-Au(II) and Au(II)~Au{III) couples are only approximations 
as given by Latimer” and can give no accurate indication of the con¬ 
centration of gold(II) ions (if such do exist) in such systems. In any 
event, dipositive gold would doubtless disproportionate to the uni¬ 
positive and tripositive materials in aqueous solution. 

Oxidation State This oxidation state is common and stable 
only with gold. Information on tripositive copper is fragmentary. 
Basing his conclusions upon observations that copper(II) hydroxide 
is soluble in alkahne solutions containing hypochlorite, probably as 
Cu 02 -, and that such solutions are precipitated by calcium ion and 
decomposed by acids with evolution of oxygen, Latimer” has arrived 
at the approximate potentials given in Table 18-4. Malatesta” has 
prepared a series of periodates of general composition 
nHiO and tellurates of general composition MB'Cu'‘‘(Te 0 ()j*nH 20 . 
(M' = Na, K, H, or combination thereof) by peroxysulfate oxidation 
of copper(II) in alkaline solution. Analogous silver(III) and gold(III) 
compounds also are formed. The diamagnetic properties of these 
compounds” suggest the presence of the tripositive elements In the 
absence of stabilization of this type, copper(III) is too strongly oxidiz- 


The formation of an unstable silver(III) species m solution when 
silver(I) compounds are added as catalysts in certain oxidation ruc¬ 
tions, notably those involving peroxydisulfate, 
established (p. 829).”'”-“ Anodic, Buonne. 

dation of silver(I) salt solutions also gives analyzable but unstable 
^Wer(II ) compounds.” The instability of this oxidation s ate is 
indicated by oxidation potential data (Table 18-4). Complexing. 


*» N. Elliott: J. Ckem. Pkys., 2, 419 (1934). 

::s- / - cU 3.0 ,.3.,. 
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especially with ethylenebiguanide,” is effective in stabilizing the oxida¬ 
tion state. Such complexes are 4-coordinate and diamagnetic. 

Tripositive gold is common in both simple and complex compounds. 
Thus an amphoteric oxide and a similar hydroxide, salts containing the 
anions lAuO*}-, [AuCU]', lAuBr,!" etc., trihalides (except iodide), and 
numerous aryls, alkyls, and complex derivatives are comparatively, 
easy to prepare. Oxidation potential data indicate this state to be 
formed preferentially from the metal by direct oxidation. Naturally, 
the reverse process is easy to effect. 

Comporisons among compound types 

Certmn of the more important compound types of the alkali and 
coinage metals can now be compared to advantage. 

Halides. Except for Uthium iodide (p. 208), the halides of the 
alkali metals are predominantly ionic, in fact for practical purposes 

TABLE 186 



Heats or 

Formation or Alkali 

Metal Halides 




Heat of Formation, kcal./mole 


Metal 

Fluoride 

Chloride 

Bromide 

Iodide 

Li 

144.7 

97.5 

83.7 

65.0 

Na 

136.6 

98.2 

86.3 

69.5 

K 

134.5 

104.9 

94.2 

78.9 

Rb 

132.8 

104.9 

96.1 

80.8 

Cs 

131.5 

106-6 

97.5 

83.9 


essentially completely so. For this reason and because of the sim¬ 
plicity of their compositions, crystal structures, and charge arrange¬ 
ments, these compounds are commonly used as examples in all dis¬ 
cussions of pure ionic character (pp. 137-138, 178-181, 183-186). 
They are of course more amenable to theoretical treatment than other 
more involved compound types. All these compounds, except 
lithium fluoride, are water soluble. The insolubility of lithium 
fluoride is associated with the high lattice energy of the compound 
resulting from combination of the very small lithium and fluoride ions. 
Among the fluorides of the alkali metals, the heats of formation decrease 
with increasing atomic weight or size of the alkali metal, whereas 
among the other halides the reverse is true (Table 18'6). This appar¬ 
ently anomalous situation with the fluorides is due again to their 
comparatively large lattice energies as is apparent from the Born- 
Haber treatment (pp. 183-186). The same trends are noted with 
other comparatively small anions (notably hydride, oxide, nitride, 

»• P. Riy: Nature, 151, 643 (1943). 
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carbide). Polyhalides have been discussed in Chapter 13 (pp. 
453-460). 

As expected and previously indicated, the analogous coinage metal 
halides are considerably less ionic in character. This is apparent 
from the melting and boiling point data summarized in Table 18-7. 


TABLE 18-7 

Melting and Boh.ing Points of .\nhydrou8 Group I Halides 


1 

Fluoride 

1 

Chloride 

Broniide 

Iodide 

Metal 

MeUing 

1 

Boiling 

Melting 

Boiling 

Melting 

Boiling 

Melting 

Boiling 


Pointy 

Point. 

Point, 

Point, 

Point, 

Point, 

Point, 

Point, 


•c. 

•c. 

•c. 

•c. 

®C. 

•c. 

•c. 

•c. 

Li 

S70 

1676 

613 

1353 

547 

1265 

446 

1190 

N* 

992 

1705 

801 

1430 

755 

1390 

651 


K 

m 

1500 

776 

1500 

730 

1376 

723 

1330 

Rb 

760 

1410 

715 

1390 

682 

1340 

642 

1300 

Cs 

684 

1250 

646 

1290 

636 

1300 

621 

1280 

Cud) 

Cu(ll) 

Ab(I) 

Aud) 

Audll) 

908? 1 

1 

435 

M00(aubl.) 

422 

498 

456 

170 (dec.) 
254 (dec.) 

1366 

993 (dec.) 
1550 

265 (#ub1.) 

504 

498 

434 

115 (dee.) 
180 (dee.) 

1345 

1 700 (dec.) 

1 

605 

552 (dee.) 
120 (dec.) 

1290 

1 


The situation with the silver compounds is indicative of that existing 
with the copper and gold compounds. Pauling*® estimates the ionic 
characters of the silver halides to be AgF 70%, AgCl 30%, AgBr 23%, 
Agl 11%. That the coinage metal(I) halides are uniformly much 
less soluble (except silver fluoride) in polar solvents than their alkali 
metal analogs, are sometimes colored, are much poorer conductors, 
and give evidences of association are associated with, their enhanced 
covalent characteristics. The alkali metal halides vaporize as ion 
pairs, the coinage metal(I) halides as simple or polymeric 
Thus extensive studies on copper(I) chloride, bromide, and iodide 
vapors show the presence of associated molecules. Early reports on 
the existence of Cu,Cl, molecules*' are to be questioned in the light 
of later data** indicating the vapor of copper(I) chloride to contain 
only trimeric and monomeric species. Of the halides of the uniposi- 

«L. Pauling; The Mature of the Chemical Bond, 2Qd Ed., p. 73. Cornell Uni- 

versity Press, Ithaca (1940). 

H Biltz and V. Meyer: Z. physiL Chem., 4, 249 (1889). 

» L. Brewer and N. L. Lofgren: J. Am. Chem. Soc., 72, 3038 (1950). 
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tive coinage metals, only the copper” and gold” fluorides remain as 
uncharacterized compounds. The rather unique photosensitivities of 
solid silver chloride, bromide, and iodide appear to be due to defect 
lattices (pp. 224-225). 

Of the higher halides of the coinage metals, the copper(II) com¬ 
pounds, silverfll) fluoride, and the gold(III) compounds may be men¬ 
tioned. Anhydrous copper(II) fluoride crystallizes in the fluorite 
lattice with a Cu-F bond distance of 2.34 A” and is ionic. Both 
anhydrous copper(II) chloride and bromide, however, have chain 
structures involving halogen bridges (p. 272)“ 


X X X X 

\ / \ / \ / \ 

Cu Cu Cu 

/ \ / \ / N / 

X X X X 


etc. 


and are largely covalent. In the bromide, each copper atom is asso¬ 
ciated wth four bromine atoms in a particular chain at 2,40 A dis¬ 
tance, the two bromine atoms in the next chain being 3.18 A removed 
from the copper atom. The hydrates are more salt-like. Copper(II) 
fluoride is difficultly soluble in water, but the chloride and bromide are 
readily soluble. In concentrated solutions, the chloride and bromide 
apparently exist in part at least as halo complexes (e.g., [CuX|]~, 
(CuX^)"*), but these revert to aquo complexes on dilution (p. 841). 
Corresponding complexes are formed on addition of chloride or bro¬ 
mide ion. The familiar dark brown color which appears when cop- 
per(II) chloride is reduced with elemental copper in the presence of 
concentrated hydrochloric acid is due to the presence of both uniposi¬ 
tive and dipositive copper as chloro complexes. 

Silver(II) fluoride is a dark broum, paramagnetic solid which is 
formed by reaction of fluorine \vith silver(I) halides or elemental 
silver at slightly elevated temperatures.” Although its dissociation 
pressure was originally reported*^ to be one atmosphere at 435® to 
450®C., later studies” indicate greater stability (m.p. 690®C., stable 
at 700*C. under one-tenth of an atmosphere of fluorine). The heat of 
formation is given as —84.5 ± 1.2 kcal. per mole. The compound, a 

” H. von Wartenberg: Z. anorg. aUgem. Chem., 241, 381 (1939). 

“ V. Lenher: J. Am. Chem. Soe., 86, 1136 (1903). 

F. Ebert and H. Woitinek: Z. anorg. allgem. Chem., 210, 269 (1033). 

** L. Helrohol*: J. Am. Chem. Soc., 69, 886 (1947). 

” 0. Ruff and M. Giese: Z. anorg. allgem. Chem., 219, 143 (1934). 

*• H. von Wartenberg: Z. anorg. allgem. Chem., 242, 406 (1939), 
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strong oxidizing agent, is useful as an excellent fluorinating agent. 

Other silvcr(Il) halides are unknown. 

Tripositive gold yields a chloride, a bromide, an iodide, and a 
fluoride. These compounds are covalent materials, as shown by 
their volatilities. Vapor density determinations show the chloride 
to be dimeric,®® and boiling point studies indicate the bromide to be 
dimeric in solution in liquid bromine.^ Halogen bridge structures 

(p. 272) of the type 

XXX 

\ / \ / 

Au Au 



\ / 
X 



are thus probable. These halides undergo thermal decomposition 
first to the gold(I) halides and then to elemental gold, ease of 
decomposition increasing of course from chloride through bromide to 
iodide. The tendency of gold in this state of oxidation to complex 
is so pronounced that the chloride and bromide react with water to 
give species of the type lAuX.OH]-,_and all three react with halide 

ion to give species of the type (AuX«) . . , a«y 

Numerous reports concerning a group of silver subhahdes, AgiX 
have appeared. Although no conclusive evidence for existence of t 
chloride*the bromide. “ and the iodide'* has been found the 
fluol is 411 characterised. It is a bronsc-colored compound the 
crystal structure of which** shows the conaplete J 

silver and silver(I) fluoride. Successive ayers f 

fluorine are present, the silver-silver distance being 2 
twice the metallic radius of 1.53 A) and the silver-fluonde distance 
K ■ 9 40 A fas in ionic AgF). The compound is thus intermediate 

bZe- sail and : metal,^he bonds between the silver layers being 

“ xeenent electrical V « 

rial is in accord with this structure Decomposition to sih 

I!wer(l) fluoride begins at 100“C. and is complete at 200 C. 

.. w. Fischer: Z. anorg. allgera. CAcm 184, 333 
« A. Burawoy and C. S. Gibson: J. 1936, 217. 

41 H Weisz- Z. physik. Chem., 64, 305 

Chwn.c«l-Bead,' 2 nd Ed., p. 421. O^rnel. 

University Press, Ithaca (1940). 
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effects the same decomposition. The compound results from reaction 
of silver with silver(I) fluoride at 50® to 00®C." or from cathodic reduc¬ 
tion of aqueous siiver(I) fluoride solutions at low current densities.** 

Binary Compounds with Oxygen Family Elements. Oxides, perox¬ 
ides, and superoxides of the alkali metals have been discussed in some 
detail in Chapter 14 (pp. 507-511). Like the halides, all these com¬ 
pounds are essentially ionic. Unlike the halides, however, all these 
materials contain readily hydrolyzable anions and are converted to 
hydroxides by water (p. 510). Of the simple oxides (MjO)) only the 
lithium compound is stable with respect to reaction with molecular 
oxygen. Although lithium and sodium oxides are always white, the 
potassium compound changes from white to yellow on heating, the 
rubidium compound changes from light yellow to golden yellow, and 
the cesium compound changes from orange through purple to black. 
The simple oxides are obtainable by direct combination in the presence 
of excess metal (followed by distillation to remove the metal) or 
(except with lithium) reaction of the metal with its nitrate at elevated 
temperatures as 

5M -b MNO, -* 3MiO + 

They crystallize in fluorite-type lattices. The hydroxides arc salts 
(p. 309). They are most commonly obtained in water solution either 
by electrolysis of the chlorides or by metathesis of the carbonates with 
calcium hydroxide. Aqueous hydroxide solutions are strongly alkaline. 

Coinage metal oxides of the types MjO (M = Cu, Ag, Au), MO 
(M = Cu, Ag, Au), and MjOi (M = Au) have been characterized. 
Peroxides are known also (pp. 507-511). The same general differ¬ 
ences in properties which set the alkali metal halides apart from the 
coinage metal(I) halides are also characteristic of the corresponding 
oxides. Thus coinage metal oxides of the type MjO are uniformly 
less soluble, less ionic, and more highly colored than the simple alkali 
metal oxides. Copper(I) oxide is a diamagnetic compound, melting 
at ca. 1230 C., which is insoluble in water or alkaline solutions but 
is converted by acids such as nitric or sulfuric to copper and the 
copper(II) salt. Depending upon the method of preparation, the 
oxide may vary in color from yellow to red. This is apparently due 
to differences in particle size rather than to differences in crystal struc¬ 
ture. *»■“ Silver(I) oxide crystallizes in the same lattice as its copper 

" A. Gunti: Compt. rend., 110, 1337 (1890); 112, 861 (1891). 

*• A. Hettich: Z. anorg. allgem. Chem., 167, 67 (1927). 

!! and A. Cirulis: Z. anorg. aUgem. Chem., 224, 107 (1935) 

P. B6villard: BuU. soc. ckim., I960, 561. 
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analog and is also covalent (Table 18.5). It is distinguished from the 
copper compound, however, by its ease of thermal decomposition and 
its enhanced basicity. Although difficultly soluble, its aqueous sus¬ 
pensions give alkaline reactions and absorb carbon dioxide. The 
enhanced solubility of the compound in alkaline solutions is indicative 
of some acidic properties, however, and an acid dissociation constant 
of 7.9 X 10-‘* has been recorded.*' Gold(I) oxide is even les.s stable 
toward heat than the silver compound and is somewhat more acidic 
in character. All these oxides are obtainable by precipitation, using 
alkali metal hydroxide solutions. 

Copper(II) oxide is a common source of dipositive copper com¬ 
pounds. It is a perfectly stable black substance with a crystal lattice 
in which each copper atom is surrounded in a square-planar fashion 
by four oxygen atoms at Cu—0 bond distances of 1.95 A and is cova¬ 
lent. “ The compound is difficultly soluble in water but dissolves in 
acids. Precipitation of aqueous copper{II) salt solutions with alkali 
gives a blue hydrate which is converted to the oxide when the suspen¬ 
sion is boiled. As expected, copper(ll) oxide is more acidic than the 
copper(I) compound. Information on silver(II) oxide is somewhat 
controversial since a material of the necessary 1:1 stoichiometry nugt 
be either Ag"0 or Agi'O*. A material of this composition is obtainable 
either by anodic oxidation of silver or peroxydisulfate oxidation of 
aqueous silver nitrate. The observations of Noyes et al.'^ ‘' indicate 
(luite conclusively that the compound contains dipositive silver bu 
magnetic data are inconclusive.**- ** The ease with which the black 
componn,! can be converted into silver(Il) 

ports the view that it is a true silver(II) compound Gold(II) o«de 
and its hydrate, 3Au0 H,0, are dark-colored, unstable compounds 


indeterminate structure's. u„,iro*;nn of 

r.old(ill) oxide is obtained as a brown powder by ^ehydra >on o 

its liydrate after precipitation from, for instance, 

sol.itions with alkali. On being j“V,,eakly 

Both the oxide and its hydrate are soluble in alkali a" 

a,.idic, siicTssive acidic di.s.sociation p„..’ 

I 4 X 10-'-, and ■> X 10 " being given for Aii(OIl).. AOhoug P 

silvci(IIl) oxide has not been prepared, continued , 

of silver (p. S30) gives a proiliiet intermediate in composition 

1 . L. .icnston, F. C.,,, .».d A. U. OsrreM J 

G. Tutu-Il, E. 1‘osnjak. and C. J. W. i^ I 

» S. Sugden: J. Chem. Snr., 1932, Ifil. 

M W. Klfinin: Z. anorg. allgr>n Chrm 2 , 60. 1439 (1938). 

» H. L. Johnston and II. L. Uland: J. Arn. Cke^n. BV. 
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AgO and AgaOj, which is probably a solid solution of the latter in the 

former. This evolves oxygen on wanning, leaving AgO. 

The alkali metals form water-soluble sulfide, seienide, and telluride 
salts, but because of the strongly basic natures of these anions, such 
salts undergo extensive hydrolysis. Reaction with the free non- 
metal to give poly compounds is characteristic (pp. 493, 518). Copper 
and silver form sulfides, selenides, and probably tellurides of the type 
MjZ, and copper gives compounds of the type MZ, Gold has been 
reported to form sulfides of both these types and also the com¬ 
pound AuiSs (p. 829). Both silver and gold alloy with tellurium 
to give various intermetallic compounds, some of which (especially 
those of gold) are important minerals. All coinage metal com¬ 
pounds of these types are water insoluble, although gold(III) sulfide 
undergoes complete decomposition in contact with water. Ihc com¬ 
pounds CusS, AgsS, and CuS are all difficultly soluble in non-oxidizing 
acids and are thus of analytical importance. Precipitation or direct 
combination reactions may be used in their preparation. All three 
occur in nature. It is of interest that cyaniding is effective with silver 
sulfide only when oxidizing agents are present to remove sulfide ion. 
This is apparent from oxidation potential data. 

Bimry Compo-uiuh with Nitrogen Family Elements. The generally 
reduced electronegativities of the nitrogen family elements decrease 
the number of true compounds which they can form with the Periodic 
Group I elements. Of the alkali metals, only lithium forms a nitride 
(p. 578). Little information is available on arsenides, etc. Azides 
are well characterized (p. 587). The coinage metals, however, form a 
number of compounds with the elements of this family, .\inong the.^ie 
are the explosive azides (MNj and Cu(Nj)j], the nitrides (MjN), and 
some copper phosphides (CujP, CuPj). These compounds are 
unimportant. 

Ternary, etc., Compounds. Almost every ternary, etc., inorganic 
(or organic) acid, whether stable or unstable in the pure state, is known 
in the form of its alkali metal salts. As such, many of these com¬ 
pounds have been described in preceding chapters since their properties 
are most commonly those of the anions which they contain. It is 
characteristic that these salts are almost all water soluble. Even in 
instances of reduced solubilities, the compounds are ordinarily quan¬ 
titatively insoluble only under highly specialized conditions. 'Sodium 
and potassium salts are the normal articles of commerce, in most 
instances the potassium compounds being the more nearly pure because 
of generally slightly reduced solubilities. 

It is manifestly impractical to attempt any comprehensive listing 
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of all the coinage metal salts. Only a few general remarks seem essen¬ 
tial. Salts of these types are normally the silver(I) or copper(II) 
materials for the reasons outlined previously (pp. 825-831). Certain 
of the characteristics of the silver(I) compounds have been described 
(pp. 827-828). Of the copper{II) compounds, the sulfate is most 
important. Other salts, with the exception in particular of the 
nitrate, acetate, chlorate, and perchlorate, are water insoluble. 


Coordination compounds and complex ions 


Periodic Group I is essentially unique in that the members of one 
family form almost no complexes whereas those of the other family 
form a wide variety of such materials. 

The Alkali Metals. The ions of these metals possess none of the 
characteristics ordinarily regarded as those of acceptor cations. They 
are too large, their charges are too small, and, most important, their 
electronic arrangements are such that orbital hybridizations essential 
to co\ alent linkages are highly unlikely if not completely impossible. 
In those instances where apparent complexes do form, the bonding is 
necessarily ionic. 

In the solid state many alkali metal compounds are hydrated, and 
it is reasonable to assume that at least a portion of this hydrate water 
is associated in each instance Nvith the alkali metal ion. Hydration 
decreases in general for each type of salt as size of the alkali metal ion 
increases. In aqueous solution, of course, the ions are hydrated but 
to indeterminate extents. The small lithium ion apparently carries 
more such water than the others. The solid ammoniates, investigated 
by Biltz,^*-" are somewhat similar to the hydrates. Among such com¬ 
pounds, thermal stabilities decrease in the order Li > Na > K, etc., 
and I > Br > Cl, the most stable compound being LiI-4NHj. In 
contact with water, ammonia is removed completely. Comparable 
amine derivatives and alcoholates have the same characteristics. It 
would be difficult to consider any of these compounds as true complexe^ 

Chelating groups often impose acceptor properties on cations and 
might thus be useful in forming complexes of the alkali metals. Alkah 
metal derivatives of j3-diketones and |3-keto esters are normally salt¬ 
like and are insoluble in hydrocarbon solvents. However, addition 
of sufficient neutral molecules to bring the apparent coordination 
numberV the alkali metal ion up to/o«r or six imparts some complex 
character.®®'Thus anhydrous sodium bcnzoylacetonate is insoluble 


w W. Biltz and W. Hansen: Z. anorg. alhjem. Chem., 127, 1 (1923). 

r W. Biltz: Z. anorg. allgtm. Chem., 130, 03 (\923). 

ss N. V. Sidgwick and F. M. Brewer: J. Chem. Soc., 127, 2379 (1925). 

F. Brewer: J. Chem. Soc., 1931, 361. 
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in toluene, but the 2-hydrate dissolves in that solvent and is presumed 
therefore, to be covalent. The structural differences may be indicated 

as 



\ 

C=0 

/ 

CHa 



Similarly, the sotlium salt of salicylaldehyde (p. 240) adds a mole of 
salicylaldchyde and becomes non-salt-Uke in properties.*® Com¬ 
parable alkali metal derivatives of reagents such as acetylacetone, 
acetoacetic ester, methyl salicylaldehyde, o-nitrophenol, o-nitrocrcsol, 
etc., containing water or one or two additional moles of the reagent 
have covalent properties.**-It must be pointed out, however, that 
decision as to covalence in these materials is based largely upon solu¬ 
bility in materials such as benzene or toluene. This approach is 
doubtless quite valid, but independent supporting evidence would 
appear desirable. After all, the salt silver perchlorate is also soluble 
in benzene and toluene (p. 827). 

The Coinage Metals. With the coinage metals, all factors favoring 
true complex formation involving covalent bonds are present. As a 
consequence a wde variety of coordination materials of all types can 
be distinguished. Principal coordination numbers exhibited are two 
and four. A few types of complexes may be mentioned to advantage. 

COMPLEXES CONTAINING UNIPOSITIVE METALS. Halo COmplcX ions 

of the types [MXj]“ and [MX|]“* (X = Cl, Br, I) are characteristic 
of copper and silver in this state of oxidation. Gold gives comparable 
(AuCli]* ions. Complexes involving oxygen as donor are uncommon. 
Thiosulfate complexes of the types [M(SjOj)]-* (M = Cu, Ag, Au), 
lM(SjOj)j]~* (M = Ag, Au), and (M](SjOi) 4 )“* (M = Ag) are reported, 
the silver materials being important in the photographic fixing process. 
Sulfur compounds such as thioethers and thiourea add readily. 
Most common of the resulting materials are the thiourea (tu) copper 
compounds of the type [Cu(tu)i]X. Ammonia forms ammines of the 
type [M(NH,)n]+ (n = 2 usually but also 1 or 3) with all three ele¬ 
ments. Pyridine and other substituted ammonias form similar com¬ 
pounds. The diamminesilver(I) complex is particularly common. 
Nitriles and azo groups also act as donors toward these metals. Of 

A. Hantzsch: Ber., 39, 3072 (1906). 
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particular interest also is the tendency of phosphine and arsine and 
their substituted derivatives to add to the coinage metal(I) halides to 
produce compounds of considerable thermal stability. Although the 
gold compounds (e.g., RjP —» AuX) are apparently monomeric, the 
copper and silver analogs are tetrameric in solvents such as acetone, 
benzene, and ethylenedibroraide.** This is confirmed by x-ray analysis 
of the compound [(CjHOjAs— * Cul)4, which shows the four copper 
atoms to lie at the apices of a regular tetrahedron, the iodine atoms to 
be at the centers of but above the tetrahedral faces, and the arsenic 
atoms to be tetrahedral as well.*^ Cyano complexes, (M(CN)n]‘"" 
(n = 2 most commonly, but also 3 and 4 for copper), are particularly 
stable \vith respect to dissociation into their components as previously 
mentioned. Carbon monoxide is readily absorbed by solutions of 
copper(I) chloride in ammonia or hydrochloric acid, probably because 
of the formation of the carbonyl derivative Cu(CO)Cl since the 
1-hydrate, Cu(C 0 )Cl-H 30 , can be isolated as a colorless, unstable, 
cr>'stalline compound (p. 716). Comparable silver compounds are 
unknown, but a gold analog, Au(CO)Cl, can be prepared. Ethylene 
and certain substituted ethylenes react with copper{I) chloride (or 
bromide) to give compounds of the type CuCl-Un (Un = CjH^, etc.) 
which readily lose hydrocarbons even at O^C. Aqueous solutions of 
unsaturated organic acids (HjUn = maleic, fumaric, etc., acid) react 
with copper(I) chloride not only to give comparable complexes, 
CuCl-HiUn, but also soluble species such as Cu-HsUn+, CuCl-HUn , 
and Cu-HUn.<*““ The absorption of ethylenic hydrocarbons by 
aqueous silver salt solutions gives soluble complexes of the type Ag-Un+, 
the relative stabilities of which appear to decrease as the hydrogen 
atoms in ethylene arc replaced by alkyl groups.«■Complexes of this 
type are regarded as arising from argentation of double bonds. Ein¬ 
stein and Lucas«’ regard the true structure of, for instance, th® ethy - 
ene complex, to be a resonance hybrid based upon the equilibrium 

arrangements 


" F. G. Mann, D. Purdie, and A. F. Wells: J. Cfutn. Soc., 1936, 1503. 

« A. F. Wells: Z Knst., 94 , 447 (1936). 

.. L, J. Andrew, and R. M. Knctcr: /. Am. Chem. Soc.. 70, d20 J 8 ■ 

.. L. J. Andrena an.l R. M. Koetcr. J. Am.Chom. ^3 J 

•» R. M. Kcctcr, L. J. Andrews, and R. E. Kepner: J. Am. Chem. Soc., 

“ » W. F. Ebers, H. J. Welge, D. M. Yost, and H. J. Luoas: d. Am. CTrm. 

'VI 'Simn and H. J. I...oas: X Am. C^co,. Soc.. 60, 836 ,,038). 
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Raman data are in accord \vith such a proposal.” Certain aromatic 
hydrocarbons also give complexes of the types Ag-Un'*' and Agi^Un"^ , 

but no gold derivatives arc known. 

COMPLEXES CONTAINING DiPOSiTiVE METALS. Such derivatives are 
of importance only with copper, since the only others characterized are 
a few silver(II) complexes (pp. 301, 829). Copper(II) is normally 
4 -covalent in its coordination compounds, but a few G-covalent deriva¬ 
tives have been reported. The stereochemistry of copper(II) has 
been discussed in a previous chapter (pp. 256-257). 

Halo complexes of copper(II) are of the types [MX|]“ and (MXi] ’ 
(X = F, Cl, Br), the fourth coordination position in the first type 
probably being filled ivith water. These anions apparently are most 
common in the solid alkali metal salts, but upon dissolution in water 
these anions undergo dissociation which becomes essentially complete 
at high dilutions. These changes are accompanied by significant color 
changes. Treatment of aqueous copper(ll) halide solutions with large 
excesses of halide ions reverses these color changes, apparently because 
of complex formation. It is probable that equilibria of the type 

HfO UtO 

[CUX 4 I-* = (CuX,(H,0)]- == (CuX,(H,0)al 

X 

HiO UiO 

= (CuX(H,0),)+ = lCu(H,0)4l+* 

X- X- 

(coordination number = 4 being assumed in all cases) are involved, 
\vith the (CuX«]“* species being the most stable in the chloride system 
at least.’® ’* However, the problem is far from solved, and the com¬ 
positions of the solid salts as written above may even be misleading 

*• H. J. Taufen, M. J. Murray, and F. F. Cleveland Am. Chem. Soc., 63, 3500 
(1941). 

•* L. J. Andrews and R. M. Keefer; J. Am. Chem. Soe., 71 , 3644 (1949). 

H. Remy and G. Laves: Ber., 66B, 401 (1933). 

UT. MoeUer; y. PAy«. Chem., 48 , 111 (1944). 
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since structural determinations on solid M2'[CuCl4]-2H20 (M* = K, 
Rb, NHi) indicate that each copper atom is associated in a plane with 
two chlorine atoms at 2.32 A and two oxygen atoms at 1.97 A, Avith 
the other two chlorine atoms lying above and below the plane at 
2.95 A.”'Since the last two chlorine atoms are too far from the 
copper to be covalently bonded to it, the structure must amount to a 
combination of the species Cu(H20)2Clj, M+, and Cl”. 

Although a few simple oxygen (e.g., aquo, p. 841) and sulfur (e.g., 
thiourea) complexes of copper(il) are known, most materials contain¬ 
ing Cu—0 or Cu—S bonds possess chelate structures. Among these 
may be mentioned the ^-diketone chelates, oxalato derivatives, 
tartrato derivatives, catechol chelates, and organic disulfide chelates. 
Many complexes containing nitrogen donors are well known. The 
simple ammines, (Cu(NHa)„)+* (n = 2, 4, 5, 0) are familiar, particu¬ 
larly the tetrammines, as are the derivatives of substituted amines 
pyridine). Especially important are chelate complexes of this 
type, particularly the ethylenediammine chelates, [Cu(en) 2 l'^* and 
more rarely (Cu(en)j)''’*, the amino acid chelates (p. 241), the azoamine 
chelates which are important as metallated dyes, and the phthalo- 
cyanin derivative (p. 278). Less common examples of donor nitrogen 
are found in azide complexes (e.g., (CufNj)*]"*, [CuafNa)^!”*)* 
complexes (e.g., [Cu(N02)6l“*), and nitrosyl complexes (p. 603). 
Although cyanide normally reduces copper(II), a few cyano derivatives 
of the type (Cu(CN) 4 ]”* have been described. 

COMPLEXES CONTAINING TRIPOSITIVE METALS. These are important 

only with gold (pp. 831, 834). Although a few simple gold(III) com¬ 
pounds are known as previously indicated, the chemistry of this state of 
oxidation of the element is very largely the chemistry of its complexes. 

The halo complexes, [AuX*!” (X = Cl, Br, I), are of particular 
interest because of their stabilities. Not only do theseanionic arrange¬ 
ments exist in solid salts, but they persist in solution and even in such 
solid acids as H[AuBr4l-2H20. The expected square planar arrange¬ 
ment in such complexes is confirmed by structural studies on Cs2.4u'- 
Au’"Clfl”'“ (p. 830) and K[AuBr4]*2H20.” It seems reasonable 
that many so-called double gold(in) halides, such as PCIj-AuCU, 
NOCl-AuCli, etc., are really tetrahaloaurateflll) salts. Substitution 
for halogen in (AuXd“ groups gives a variety of other complexes, among 
them [AuCLOH]', [AuBr 2 *(py)l, [AuBr 2 (py) 2 ]Br. The aurnte and 
thioaurate ions may be regarded as simple oxygen- and sulfur-contain- 

” S. B. Hendricks and R. G. Dickinstm: J. Am. Chem. Soc., 49 , 2149 (102»). 

”L. Chrobak: Z. Krist., 88, 35 (1934). 

E. G. Cox and K. C. Webster: J. Chem. Soc., 1936 , IG35. 
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ing complexes. Simple )S-<liketone, oxalato, etc., complexes are not 
known, but those containing dialkyl gold are characterized by their 
stabilities. Typical formulations are 


CH, 


CH, 


I 

\ / 

Au 

/ ^ 


CH,1 



/ 


C,H, 

0—C 


\ 


\ 

CH 


/ 

/ 


o==c 


C,Hb 

\ 



CH, 






0—C=0 C,H, 

\ / 

Au 

0“C—0 C|H* 


OXftlftta 


It is interesting that dialkyl gold compounds readily add a variety of 
other donor groups as well (e.g., ethylenediamine, organic sulhdes), 
this tendency being so pronounced that they even dimerize when pure 
as 

R Br R 

\ / N. / 

Au Au 

/ N / \ 

T? Br R 


Simple amine and ammine complexes (e.g., (Au(NH,)4l‘''*) nre limited 
in number. Phosphorus acts as a donor in compounds of the type 
[(CH,),P—»AuBr,]. These are planar as regards gold.” Simple 
cyano complexes revert to the gold(I) material, but the dialkyl cyano 
compounds are stable. These are tetrameric, e.g., [RjAuCN],, the 
arrangement being planar around each gold, wth the cyano groups 
acting as bridges between the gold atoms (p. 718). The required 
arrangement 


R 

R— 1.U— 


R 

lu—R 


R—Au4-N^C— 


N 

iu—R 


R 


R 


has been confirmed for the propyl compound by x-ray methods.’* 


M. F. Peruts and 0. WeUi: J. Chem. Soe., 1946, 438. 

« R, F. PhiUipe and H. M. Powell: Froc. iJoy. Soc. (London), A178,147 (1939). 
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CHAPTER 19 


Periodic Group II 
The Alkaline Earth 
and Zinc Family Elements 

Of the Periodic Group lla elements, only magnesium and calcium 
are really abundant (Be 6 X 10“*%, Mg 2.09%, Ca 3.63%, Sr 0.03%, 
Ba 0.025%, Ra 1.3 X 10“'®% of the igneous rocks of the earth). 
Strontium and barium, although comparatively uncommon, are 
usually classihed as a familiar elements, largely because of the existence 
of concentrated and readily available natural sources. Beryllium, 
on the other hand, is called unfamiliar, not so much because of the 
absen-. of beryllium minerals in reasonable concentrations as because 
of the difficulties which for many years attended the recovery of 
beryllium materials from such nunerals. The scarcity of radium is an 
obvious reason for its unfamiliar character. Of the Periodic Group 
Ilb elements, none is particularly abundant (Zn 0.013%, Cd 1.5 X 
10“‘%, Hg ca. 10“‘ — I0“*% of the igneous rocks of the earth), yet 
like the coinage metals possession of desirable properties and general 
ease of recovery have combined to render all comparatively familiar. 
The Group Ila metals are often called the alkaline earth metals, 
although in a strict sense this term should be limited to calcium, 
strontium, and barium. The Group lib metals bear no really dis¬ 
tinguishing family name. 

GROUP AND FAMILY RELATIONSHIPS AMONG THE ELEMENTS 

Numerical properties characterizing the Group Ila and the Group 
lib elements are summarized, respectively, in Table 191 and Table 
19‘2. Trends discernible among the Group lla elements are strictly 
comparable to those noted for the alkali metals (pp. 819-820) and need 
not be discussed as such because they arise from the same causes. 
However, the atoms of these elements are smaller than those of the 
comparable alkali metals because of enhanced nuclear charges. This 
difference is reflected in the greater densities, in the enhanced ionization 
potentials, in the higher melting and boiling points, in the increased 

84$ 
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hardness, etc., which distinguish the members of this family from the 
alkali metals. However, the atoms are still comparatively large 
(except for the beryllium atom). Because of this factor and the 
presence of but two electrons outside the inert gas arrangements, the 
elements are still comparatively easily oxidized, as indicated by their 
standard oxidation potentials. Even though ionization potential data 


TABLE 191 

Numebical Pboperties op the Group IIa Elements 


Property 

Berylliuo' 

Magnesium 

Calcium 

Strontium 

Barium 

Radium 

Atomic number 

4 

12 

20 

38 

66 

88 

Outer electrooie configu¬ 


2»»2p«3»‘ 

3<>3pMt> 


6«»5p«6e> 

Si^ap*?!* 

ration 

Maas numbere. natural 

9 

24. 25. 26 

40. 42. 43. 

84* 86* 87* 

130*132*134* 

226* 

ieotopea 



44,46.48 

88 

136* 136* 
137, 138 


Atomic weight 

9.013 

24.32 

40.08 

87.63 

137.36 

226.05 

Density of eolid at 20*C. 

1.66 

1.75 

1.55 

2.6 

3.59 

(6.0) 

grama/ec. 

Atomic volume of aolid. 

4.65 

14.00 

26.08 

34.01 

38.26 

(45.21) 

cc. 

Molting point* 

1260 , 

651 

851 

800 

860 

(960) 

Boiling point, 
loniiation potential* ev 

1500 

1107 

1487 

1366 

1637 

(1140) 

Flrat 

9.320 

7.644 

6.111 

6.692 

5.210 

5.277 

Second 

Heat of hydration of gaa- 

18.206 

15.03 

11.87 

10.98 

9.96 

(10.10) 

eoua ion. kcal./mole 
for 


460 

395 

356 

306 

2.90 


M + volte 

1.70 

2.34 

2 87 

2.89 


Electronegativity 

Radii. A 

1.6 

1.2 

1.0 

1.0 

0.9 


M 

0.889 

1.364 

1.736 

1 914 

1.981 



0.31 

0.65 

0.99 

1.13 

1.35 



* R&dio&ctive. t Not sccurotoly d«t«rmiD*d in mnny iaotftncoa. 


(at least mth the lighter elements) might suggest the removal of two 
electrons to be too difficult to achieve by chemical oxidation alone, 
no stable unipositive derivatives of these elements are known. Any 
oxidizing agent capable of removing one electron is also capable of 
removing another, probably because the energies recovered in crystal 
formation or by solvation are sufficient to counterbalance the unfavor¬ 
able ionization potential effects. 

The position of beryllium is even more unusual in this family 
than is that of lithium in the alkali metal family. For berylUum, the 
combination of small size and comparatively high nuclear charge are 
much more pronounced than for lithium and reduce the chemical 
reactivity of the metal considerably. Beryllium compounds also 
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app6ar anomalous because of the combined effects of small size and 
high cationic charge. These effects cannot, be overcome even by the 
hydration energy of the beryllium ion, and as a consequence the stand¬ 
ard oxidation potential for beryllium is less positive than that for 
magnesium by a considerable factor. That the standard potentials for 
the other elements approach tliose of the comparable alkali metals so 


TABLE 19-2 

Numerical Properties oe the Group IIb Elements 


Property 

1 

Zinc 

Cadmium , 

Mercuiy 

1 

Atomic number 

30 

1 

48 

80 

Outer electronic cor.figiiratioa | 

3d'«4»« 

4d‘®5s* 

5d>«6«* 

Moss numbers, natural isotopes 

64, 66, 67, 

106, 108, 110, 

196, 198, 199, 


68, 70 

in, 112, 113, 

200, 201, 202, 

Atomic weight 

65.38 

114, 116 
112.41 

204 

200.61 

Density of solid at 20°C., grams/ 
cc. 

7.14 

8.64 

13.646 0) 

Atomic volume of solid, cc. 

9.17 

13.01 

14.82 0) 

Melting point, ®C. 

419.4 

320.9 

-38.89 

Boiling point, *C. ! 

907 

767.3 , 

356.95 

Ionization potential, ev 

First 

9.391 

1 

8.991 

10.434 

Second 

17.89 

16.84 

18.65 

for 

M ^ + 2e“, volts 

0.762 

1 

0.402 

-0.854 

Radii, A 

M 

1.249 

1.413 

1.440 


0.74 

0.97 1 

1.10 


closely in spite of the requirements of the loss of an extra electron is 
doubtless due to the enhanced hydration energies of the dipositive 
gaseous ions. 

The uniform positive two state of oxidation of the Group Ila ele¬ 
ments is predominantly an ionic state for the heavier members but 
becomes increasingly covalent as cation size decreases until for 
beryllium it is predominantly covalent in most instances. The chem¬ 
istries of these elements are thus less completely the chemistries of their 
cations than was true of the alkali metals. More complexities in 
behavior can thus be expected, although the fundamental chemistries 
of the materials derived from these elements are generally simple. 

Trends in numerical properties among the Group Ilb elements, 
though considerably less regular than those among the Group Ila 
elements and less susceptible to simple interpretation, are much 
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more regular than those noted for the coinage metals (pp. 819-821). 
Although the general remarks describing the coinage metals may be 
extended to the members of this family, there are significant differ¬ 
ences. The effects of the lanthanide contraction (pp. 146-151) are 
sufficiently diminished that resemblances between mercury and 
cadmium are much less pronounced than those between silver and 
gold. Indeed, the similarities in this family are more between zinc 
and cadmium, and mercury stands apart. These metals are markedly 
less noble than the coinage metals, their much lower boiling points 
being important contributing factors. Increase in nobility with 
increasing atomic weight (size) is characteristic of the family (p. 821), 
as is greater nobility than with the Group Ila elements. 

The electronic arrangements (n — l)d‘®ns* characteristic of the 
Group Ilb elements might conceivably permit removal of more than 
two electrons. However, it appears that the (n — l)d arrangements, 
are more nearly stabilized among these elements than among the 
coinage metals, and it seems to be energetically impossible to remove 
more than the two na electrons in compound formation. Differences 
between the first and second ionization potentials (Table 19‘2) suggest 
the exi.stence of both -f 1 and +2 oxidation states. Although evi¬ 
dence for unipositive zinc and cadmium compounds is probably unre¬ 
liable, unipositive mercury compounds are well known. The enhanced 
deformability of the underlying 18-electron arrangement renders all 
compounds of the Group lib elements more covalent than those of the 
Gro\ip Ila elements. Complexes are very characteristic, but the 
transition element characteristics of the coinage metals in their com¬ 
pounds are much reduced in the derivatives of the elements in this 
family. 

Although the Group Ila elements appear to yield monatomic 
vapors, sufficient diatomic molecules are present in the vapors of the 
Group lib elements to give characteristic absorption bands. That 
the vapor densities are normal shows the concentrations of such species 
to be small. Bond energies in such molecules are very low. 

CHEMICAL CHARACTERISTICS OF THE ELEMENTS 

The more important aspects of the chemical behaviors of the ele¬ 
ments in the two families of this group are summarized in Table 19-3. 
Except for the decreased reducing powers of the Group lib metals, 
the reactions of the members of both families are closely comparable. 
Because of the absence of a variety of oxidation states, greater regu¬ 
larities are apparent in the behavior of the Group lib elements than 
were noted for their coinage metal analogs. The chemical charac- 
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Chemical Chabactbristics or Group II Metals 
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TABLE 19-4 

Typical Oxidation Potentials fob Group IIb Metals 


Couple Half-Reaction volts 

Zn(0)-Zn(II) 2n + xHiO ^ Zii+*(aq) + 2e‘ 0.762 

Zn + 3 C, 04 - (Zn(C, 04 ),l-« + 2e- ca. 1.02 

Zn + 4NHi ;=i [ZnfNH,),)-*-*-f 2e“ 1.03 

Zd + COj”* ^ ZdCOi + 2e~ 1.07 

Zn + 40H-ZnOr* + 2H,0 + 2e- 1.216 

Zn + 4CN- IZnfCN)*)'* + 2«- 1.26 

Zn + S"* ^ ZnS + 2e- 1.44 

Cd(0)-Cd(II) Cd + iH,0 ;=i CM+*(aq) + 2e- 0.402 

Cd+4NH,^(Cd(NH,),)-^-l-2«- 0.597 

Cd + cor ^ CdCOi + 2c- 0.80 

Cd +20H-;^Cd(OH), + 2c- 0.815 

Cd + 4CN- ^ (Cd(CN)«]-* + 2«- 0.90 

Cd + S-* CdS + 2c- 1.23 

Hg(0)-Hg(II) Hg + rH,0 Hg«(aq) + 2e- -0.854 

Hg + 2IOr Si Hg(IO,), + 2e- -0.40 

Hg+4a-?i(Hga,)-*+2c- -0.38 

Hg + 4Br-si (HgBr«)-* + 2c- -0.21 

Hg + 20H-^ HgO + H,0 + 2c- -0.0984 

Hg +4I-si|HgI,|-* +2c- 0.04 

Hg + 4CN- si (HgfCN),)-* + 2c- 0.37 

Hg + S-* si HgS + 2e- 0.70 


Hg(0)-Hg(I) 


2Hg + zH,0 si Hgr»{aq) + 2c- 
2Hg + SO«-» Si HgiSO, + 2c- 
2Hg + CrOr* ^ HgjCrO* + 2e- 
- 2Hg + CjOr* ^ HgjCjOl + 2c 
2Hg + CO|-* si HgiCO, + 2c- 
2Hg + 2IOr pi Hg,(IOi)i + 2c- 
2Hg + 2C1- si HgjQi + 2e- 
2Hg + 2SCN- si Hg,(SCN), + 2c- 
2Hg + 2Br- si Hg,Br, + 2c- 
2Hg + 20H- Hg,0 + H,0 + 2c- 
2Hg + 21” ^ Hgtij + 2c- 
2Hg + 2CN- si Hg,(CN), + 2c- 
2Hg + S-* si Hg,S + 2c- 


-0.7986 

-0.615 

-0.54 

-0.41 

-0.32 

-0.27 

-0.2676 

- 0.22 

-0.1397 

-0.123 

0.0405 

0.36 

0.53 


Hg(I)-Hg(II) 


Hgr* 


2Hg** + 2c- 


-0.910 


teristics of magnesium and of zinc and cadmium are rather closely 
parallel. Beryllium and zinc are unique in being oxidized by water in 
alkaline solutions. This is due, of course, to the amphotensm of their 
hydroxides. Tlte reactions and reactivities of calcium, strontium, 
barium, and radium are closely comparable to those of the alkali 
metals and are sometimes even more vigorous. Trendsdistinguishable 
among the alkali metals (pp. 822-823) are also noted here. 

The reducing powers of the Group. IIb metals are influenced by the 
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presence of precipitating or complexing groups, although except for 
mercury less detailed potential data are available than for the coinage 
metals. These effects are apparent in the potentials summarized in 
Table 19.4. The enhanced reducing powers of these metals in the 
presence of hydroxyl, cyanide, and sulfide ions are of particular 
importance, as arc corresponding increases with mercury in the 
presence of the halides (Cl“, Br”, I“). 

PREPARATION AND PRODUCTION OF THE FREE ELEMENTS 

Because of their extensive reducing powers, the Group Ila metals are 
prepared either by electrolytic or by thermal means in the absence of 
moisture. Calcium and the heavier members of the family can be 
deposited from aqueous solutions into mercury cathodes, but such 
procedures are not used for commercial production. Removal of 
mercury is difficult. Electrolysis of the fused chlorides is useful for 
the large-scale production of beryllium, magnesium, and calcium. 
For beryllium and magnesium, the addition of sodium chloride to 
improve bath conductivity is necessary. Wartime production of 
magnesium by this means was based upon anhydrous magnesium 
chloride obtained from salt wells, sea water, or minerals such as mag¬ 
nesite (MgCO,) or brucite (Mg(OH)i). Beryl (p. 725) is the only 
useful source of beryllium chloride. Calcium chloride is a by-product 
in the Solvay process for the manufacture of sodium carbonate. Elec¬ 
trolyses of fused double beryllium fluorides and magnesium fluoride 
mixtures are also useful. 

Thermal reductions of the oxides with carbon are complicated by 
carbide formation in all cases except magnesium. Carbothermic 
reduction of magnesium oxide at elevated temperatures is a useful 
commercial process (Hansgirg process) if the equilibrium gaseous 
mixture is cooled rapidly to prevent reversal of the reaction. 

Carbon reduction of beryllium oxide-copper(II) oxide mixtures is 

useful in the preparation of beryllium-copper master alloys. Thermal 

reductions of the oxides with aluminum (King process) are employed 

for preparation of elemental strontium and barium. Ferrosilicon is 

used to reduce magnesium oxide to the metal (Pidgeon process). In 

these instances, reactions are run under high vacuum conditions and 

rendered complete by sublimation of the metal products. Magnesium, 

along inth aluminum, is very important as a Ught structural metal! 

Beryllium is used chiefly in alloys (especially with copper). Calcium 

has many potential applications. The other metals are used to 
more limited extents. 

* Anon.: J. Chem. Education, 19, 504 (1942). 

* A. B. Klingel: Mining and Met., 22, 488 (1941). 
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The Group Ilb metals are obtained more readily. Electrolytic 
reduction of aqueous salt solutions is feasible in all cases and is 
employed on a particularly large scale for the production of pure com¬ 
mercial zinc. It is of interest that the high overvoltage of hydrogen 
on zinc permits electrodeposition of the metal even from reasonably 
acidic solutions. Inasmuch as all these metals occur in nature in 
sulfidic minerals, technical procedures often entail roasting to the 
oxides and thermal reduction vnth. carbon. With mercury, addition 
of carbon is unnecessary since any intermediate oxide decomposes 
directly to the metal at elevated temperatures. Oxidized zinc min¬ 
erals are calcined and reduced. Cadmium is recovered as a by-product 
from the zinc industry. Separation from zinc by volatilization of the 
metal or by selective electrodeposition is feasible. Zinc and cadmium 
are of particular importance as plating metals. Elemental mercury 
is employed in various electrochemical industries. Many alloys are 
important. 

COMPOUNDS OF THE GROUP II ELEMENTS 

The discussion of compound types in this chapter parallels closely 
that given for the Group I materials in the preceding chapter for the 
same reasons outlined there (p. 824). As is true of the compounds of 
the Group I elements, those of the B elements are distinguished from 
the corresponding ones of the A elements by being more covalent and 
less basic in character. 


Oxidation states among the Group lib elements 

This section can be comparatively brief because, except for the um- 
positive mercury compounds, all well-established compounds contain 

dipositive metals. , 

Oxidation Slate +1. Although cadmium(I) compounds such M the 

oxide and the chloride have been described, magnetic data micate 

that they are mixtures of cadmiumfll) compounds and the finey 

divided metal.*- * Latimer’s estimates* for the couples 

2Cd Cd,+* -h 2c- < 0.2 volt 

Cdj+* 2Cd+* + 2c- El,, > 0.6 volt 

are, therefore, without any real significance. 

» W. R. A. Hollena and J- F. Spencer: J. Chem. 5ac.. 1934. m2. 

Aq^ou^ Soi«(.on«, p. 161. Prcntice-Hall, New York (1938). 
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Numerous mercury compounds, however, are known for this state 
of oxidation. From the oxidation potential data given in Table 19-4 
it is apparent that oxidation of the metal gives the +1 state prefer¬ 
entially, but the difference in potential values between the Hg(0)- 
Hg(I) and Hg(0)-Hg(n) couples is so small that oxidizing agents can 
ordinarily effect either oxidation. Inasmuch as mercury(II) ion is 
a better oxidizing agent toward free mercury, it follows that treat¬ 
ment of mercury(II) compounds with reducing agents \vill give 
mercury(I). However, the difference is again so small that reduction 
normally continues down to the metal. In any event, powerful oxidiz¬ 
ing agents are essential, but even comparatively weak reducing agents 
can be employed. It is obvious also that in the presence of excess 
mercury such oxidizing agents will give mercury(I) compounds since 
mercury(II) ion is reduced by mercury to mercur>'(I) ion. In view of 
the variations in potential values given in Table 19-4, the absence of 
precipitants or complexing agents which will affect the activities 
(concentrations) of the unipositive and dipositive ions unequally is 
essential to the foregoing conclusions. 

Although the simple mercury(I) ion is stable with respect to dis¬ 
proportionation into mercury(II) ion and mercury, it has been shown 
in a previous chapter (p. 300) that because the equilibrium con¬ 
centration of mercury(I) ion in the system 

Hg+» + Hg ng:+* 

is at 25®C. only some 79 times* that of mercury(II) ion, treatment of 
mercury(I) salt solutions with many reagents which yield mercury(II) 
derivatives that are more insoluble or more highly complexed than the 
corresponding mercury(I) derivatives permits such disproportionation. 
Keagenta which are typical are sulfide ion, hydroxyl ion, cyanide ion, 
ammonia in the presence of chloride ion, ammines, acetylacetone, 
alkyl sulfides, etc. Such behavior doubtless accounts for early views 
that mercury(I) compounds were in effect mercury(II) compounds 
plus mercury. The foregoing equilibrium is temperature dependent 
and is somewhat more displaced tow-ard mercury(II) at elevated 
temperatures. 

The mercury(I) ion is a most unusual species. Evidences that the 
group is actually Hg 3 +* rather than Hg+ are multiple. ./Vmong them 
are the following: 


•T^is value is a thermodynamic value based upon potential data. Direct 
experimental determinations by Ogg«andby AbeP gave values of 112 (IS^C.) and 
120, respectively, for tlie concentration ratio Hg'*’*: Hgj+*. 
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1. When the concentrations of the mercury(II) and mercury(I) ions 

in raercury(II) nitrate solution treated with mercury^re determined, 
the direct ratio of these values, is constant as required 

by the above equation, but the ratio CH,(n):C^H,(i), as required by 

+ Hg - 2Hg^ 

is not constant.*-’ 

2 . When silver nitrate solution is equilibrated with liquid mercury, 
the conocntrations of silver ion, mcrcury(I) ion, and silver in the liquid 
amalgam formed give* constant values for the expression 

= K (19-1) 

At* 

suggesting the equation for the reaction to be 


rather than 


2Ag+ + Hg^ Hg 2 +’ + 2Ag (amalg.) 
Ag-'-^ Hg Hg+ + Ag (amalg.) 


3. The measured potential (0.029 volt at 17®C.) of the concentration 
cell* 


Hg. 


0.05 mercury (I) nitrate 

in 0.1 nitric acid 


0.5 A^ mercury(I) nitrate 
in 0.1 N nitric acid 


,Hg 


requires a 2*electron change (n = 2) in the equation (p. 291) 

„ RT, C 2 0.058, Cj 

£ = — = —— log 77 - 

Tt Cl tl Cl 


(19*2) 


since the concentration ratio is ten to one.* 

4 . The measured conductances of mcrcury(I) nitrate solutions con¬ 
taining nitric acid to repress hydrolysis are those of solutions of an 
M(X 03)2 type electrolyte rather than an MNO* type,* suggesting that 
the cation is Hg?'*’’. 

5. The Raman spectra of aqueous mercury(I) nitrate solutions give 
characteristic lines in addition to the nitrate lines.® Since solutions of 
other metal nitrates give only nitrate lines, showing that monoatonuc 
cations are not f;fTective, the presence of a polyatomic cationic species 
in mercury(I) solutions is indicated. 


• A. Okk* Z. physik, CAem., 27, 285 (1898), 

^ K. Abel: ariorg. Che in., 26, 370 (UK) I). 

• That a rcll containing the sjinic mu tants !>ut at .lifforent ronrcntrations wiU 
develop a potential follows from consideration of concentration effecU as outlined 

previously (pp. 201-292^ 

*L. A. Woodward; Phil. Mag. [7|, 18, 823 (1934). 
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6 . The crystal structure of mercury(I) chloride is based upon linear 
Cl-Hg-Hg-Cl units,®' whereas in crystals of other compounds of the 
type MCI, M+ and Cl~ ions alternate. This is more convincing evi¬ 
dence for the existence of discrete Hgj+® groups than the fact that the 
molecular weights of the mercury(I) halides as determined cryo- 
scopically in mercury(II) halides as solvents” indicate dimeric mole¬ 
cules HgjXj (X = Cl, Br, I). 

Inasmuch as the mercury(I) ion has two ionic valencies, sharing of an 
electron pair between the two mercuries to give an arrangement 

(Hg:Hg)+* *• 

must occur Although this type of metal to metal bonding is not 
common, it is by no means unique to mercury(I).” Other examples 
are found in the ion (WaCUl"* (p. 272), where the two tungsten atoms 
are closer to each other (2.46 A) than are adjacent atoms in tungsten 
metal (2.60 A),” and the carbonyl Fes(CO) 9 , the structure of which 
has been described in Chapter 16 (pp. 703-704). 

Few mercury(I) compounds are water soluble (e.g., nitrate, chlorate, 
perchlorate). The halides, sulfate, and salts of various organic acids 
are less soluble than the mercury(n) compounds. Where the reverse 
is true, only the mercury(II) compounds can be characterized (p. 853). 
In its solubility relations, the mercury(I) ion bears certain resem¬ 
blances to the silver(I) ion. Unlike mercury(II), mercury(I) has no 
measurable tendency to form the covalent bonds essential to true 
complexes. Addition of coordinating agents causes disproportiona¬ 
tion (p. 853). Solutions of its soluble salts are those of strong elec¬ 
trolytes, although they do undergo measurable hydrolysis. 

Oxidaiion State +2. Fundamental considerations relative tq this 
oxidation state have been offered above (pp. 847-848). Specific 
detuls as to actual trends and behaviors appear in subsequent discus¬ 
sion of individual compound types. Among the Group Ila elements, 
comparable barium and radium compounds are often isomorphous 

(e.g., Cl , SO^ *), permitting one to use barium to carry the much less 
abundant radium in recovery processes. 

• R. J. Havighurst: Am. J. Sci., 10, 15 (1925). 

R. J. Havighurst: J. Am. Ckem. Soc., 48 , 2113 (1926). 

“ E. Beckmann: Z. anorg. Chem., 6B, 175 (1907). 

*• L. Pauling: C)hem. Eng. News, 86, 2970 (1947). 

** C. Broaset: Ark. Kern. Mineral. Oeol., ISA, No. 4 (1935). 
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Comparisons among compound types 

Only a few of the compound types require detailed discussion. 

1. Halides. Variations in ionic character among the Group. Ila 
halides are significant and are dependent, of course, upon both cation 
and anion (pp. 209-210). As the size of the cation increases, changes 
from essentialy complete covalent behavior for the beryllium com¬ 
pounds to complete ionic character for the barium and radium analogs 
are noted. Thus the anhydrous beryllium halides are comparatively 


TABLE 19-5 

Mei.tino and Boiling Points of Anhydrous Halides 


MeUt 

Fluoride 

Chloride 

Bromide 

Iodide 

Melting 

Point, 

•c. 

Boiling 

Point. 

Meltine 

I’oint, 

•c. 

Boiling 

Point, 

•c. 

Melting 

Point, 

•c. 

Boiling 

Pointy 

•c. 

Melting 

Point* 

•c. 

Boiling 

Point. 

♦c, 

Bs 

800 (Bubl.) 


405 

488 

490 

520 


590 

Mg 

1396 

2239 

708 

J412 

700 




Ck 

1360 


772 

> 1600 

765 

810 

575 

718 

Sr 

1450 

2489 

873 


643 

1 

402 


Bk 

1285 

2137 

962 

1560 

847 


740 (dec.) 


Rk 



1000 


728 




Zn 

872 


275 

732 

394 

650 

446 

624 

Cd 

nio 

1758 

568 

960 

583 

863 

388 (a) 

706 (o) 

Hg(I) 

570 


302 

383.7 

345 (subl.) 


140 (oubl.) 

310 (dec.) 

Hg(II) 

645 

1 

650 

280 

302.5 

238 

318 

257 

351 


low-melting, relatively volatile (Table 19*5), nonconducting’* com¬ 
pounds. The fluoride is a glass-like, randomly arranged solid,but the 
others are crystalline. Both the chloride and bromide are somewhat 
dimeric in the gaseous state (23 % BciCU and 34 % BejBr* at 560 C.).‘* 
The beryllium halides are all water soluble (with considerable hydroly¬ 
sis), and the chloride, bromide, and iodide dissolve in many organic 
solvents as well. There is strong evidence of covalent unsaturacion, 
e.g., in catalytic effects in organic syntheses and formation of a variety 
of complexes especially of the type BeXj-2A, etc. Indeed, the beryl¬ 
lium halides closely resemble the analogous aluminum halides in many 

of their characteristics. 

The magnesium halides are transitory in character between those 
of beryllium and those of the heavier members of the family, but 

G. von Hevesy: Z, pkysik, Chem., 127» 401 (1927j* 

UB. E. Warren and C. F. Hill: Z. Krisl., 89, 481 (1934). 

0. Kahlfs nnd W. Fischer: Z. anorg. nlUjtm. Chtm., 211, 349 (1 JAi)- 
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resemblances to those of the latter elements are more pronounced. 
Magnesium bromide and iodide resemble the beryllium compounds in 
their solubilities in organic solvents and tendencies to add various 
oxygenated compounds. As a group, However, the halides of mag¬ 
nesium and the other metals in the family are largely ionic. The 
fluorides are only slightly soluble in water; the other halides are readily 
soluble. High lattice energies favor insolubility among the fluorides. 
With beryllium fluoride, this factor is probably counterbalanced by 
high hydration energy of the cation. 

The analogous dihalides of the Group Ilb elements are much less 
ionic in character as indicated by melting point, boiling point, and 
conductance data (Table 19*5). Where vapor density data are avail¬ 
able (e.g., for ZnClj, CdBrj), there are no evidences of association in 
the gaseous state. In the vapor state, mercuryfll) chloride, bromide, 
and iodide molecules are linear with bond distances Hg—Cl 2.20 A, 
Hg—Br 2.40 A, and Hg—I 2.55 A.”-Solid mercuryfll) fluoride 
has an ionic lattice of the fluorite type. The solid chloride and 
bromide have layer lattices in which each mercury atom is surrounded 
by six halogen atoms in distorted octahedral arrangements, wth two 
halogen atoms much closer (2.25 A for the chloride, 2.48 A for the 
bromide) to the mercury atom than the others (two at 3.63 A and two 
at 3.34 A for the chloride, four at 3.23 A for the bromide). Mer- 
cury(II) is thus essentially 2-covalent in its chloride and bromide. 
In the solid iodide, each mercury atom is surrounded tetrahedrally by 
four iodine atoms at 2.78 A. 

The zinc and cadmium halides are all water soluble, but wth mer- 
cury(II) the bromide and iodide (especially) are insoluble. Aqueous 
solutions of these halides (except fluorides) show abnormalities in 
conductances and transference numbers which indicate the presence 
of undissociated molecules and auto-complex ions. For the zinc 
halides, these effects are noted only in concentrated solutions; for 
the cadmium halides they are apparent at much lower concentrations; 
and for mercury(II) chloride and bromide they arc found regardless 
of concentration. Electromotive force measurements** *® and con¬ 
ductance studies** of cadmium halide solutions show the following 


” H. Braune and S. Knoke: Z. physik. CUm., B23, 163 (1933). 

“ A. H. Gregg. G. C. Hampson G. I. Jenkins. P. L. F. Jones, and L. E. Sutton; 
Tram. Faraday Soc., 83, 852 (1937). 

“ H. L. Riley and V. Gallafent: J. Chem. Soc., 1982, 514. 

”R. G. Bates and W. C. Vosburgh: J. .4m. Chem. Soc., 69, 1583 (1937)- 60. 
137 (1938). 

*‘E. L. Righellato and C. W. Davies: Trons. Faraday Soc., 26, 592 (1930). 
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species to be present in quantifies decreasing in this order: CdX+ 
Cd'^^, CdX 2 , CdXs", and CdX^"^, The percentage of simple Cd'*'^ 
decreases from chloride to iodide, with the percentages of the otlier 
species increasing accordingly. In mercury(II) chloride and bromide 
solutions, neutral molecules, IlgXj, predominate, with HgX+ ions being 
present in very small quantities. Chloiide ions are so firmly hound 
that species of the type [HgXj]- or (HgX^]-^ cannot form. In the 
presence of added halide ions (except fluoride), species of the types 
[MXs]- and (MX*)"^ become very important (p. 865). The mer- 
cury(II) halides are much less hydrolyzed in solution than are those 
of zinc and cadmium. Mercury(II) iodide exists in two common 
crystalline forms, the ■ ordinary red form being converted to a less 
stable yellow one at 12G“C. 

Of the mercury(I) halides, the fluoride is water soluble and the 
others insoluble, with solubility decreasing as the size of the halogen 
increases. The fluoride undergoes complete hydrolysis upon dissolu¬ 
tion in water. The chloride and bromide are both easily volatilized 
and give diamagnetic vapors** which correspond in densities to the 
simple formulation HgX.****^ Inasmuch as HgX vapors should be 
paramagnetic, it is suggested that the mercury(I) halides dissociate 
to mercury and mercury(II) halides on heating. The presence of 
mercury in the vapors** confirms this view. Heat converts the iodide 
to mercury and mercury(II) iodide. The mercury(I) halides are 
better conductors than their mercury(II) analogs. 

Oxides and Hydroxides. Some information on the oxides, peroxides, 
and superoxides of the Group II elements has been summarized in 
Chapter 14 (pp. 500, 508). The same general differences in properties 
are found between the oxides of the members of the two families as 
between the halides, and variations within each family are similar. 
All the simple oxides of the Group Ila elements except beryllium have 
the ionic sodium chloride type crystal structure. Beryllium oxide has 
the wurtzite lattice characteristic of covalent linkages. The heats of 
formation of these oxides (BeO —136 kcal. per mole, MgO —146, CaO 
-151.7, SrO -141, BaO -133) indicate compounds of considerable 
stability. The apparently anomalously high value for the calcium 
compound arises from the high lattice energy of this material (Table 
6-5). The oxides of calcium and the heavier metals hydrate (slake) 
readily to ionic hydroxides. Magnesium oxide hydrates only if not 
prepared at an elevated temperature, whereas beryllium oxide is unre¬ 
active toward water. Behaviors with aqueous acids are similar. 

*»P. W. Selwood and R. Preckel: J. Am. Chem. Soc., 62, 3055 (1040). 

« F. T. Guckcr, Jr., and R. H. Munch: J. Am. Chem. Soc., 69, 12<5 (1937). 

*«G. Jung and W. Ziegler: Z. pkysik. Chem., 160, 139 (1930). 
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Basicity of course increases with increasing radius of the cation. Only 
the oxides of barium and (presumably) radium react directly with 
oxygen to give peroxides. 

Zinc and cadmium oxides sublime at elevated temperatures and do 
not undergo thermal decomposition. Mercury(II) oxide decomposes 
to the metal and oxygen above SOO^C. Zinc oxide has a wurtzite 
lattice and cadmium oxide a sodium chloride lattice. Zinc oxide is a 
semiconductor, probably because of the presence of zinc atoms in the 
crystal lattice. The colors of these oxides (ZnO yellow when hot, 
CdO bro^vn, HgO red or yellow) are doubtless due to ion deformation 
(p. 211) since the components arc all colorless. The red and yellow 
forms of mercury(ll) oxide apparently differ from each other only in 
particle size since energy differences between them are minute. 
None of these oxides hydrates appreciably in water, and all are much 
less reactive toward aqueous acids (because of reduced basicities) than 
the oxides of the Group Ila elements. The compounds Zn(OH)i 
and Cd(OH)j are crystalline substances obtainable by precipitation. 
The mercury(II) analog does not exist. Mercury(I) oxide is also non¬ 
existent, all attempts to prepare it by precipitation yielding a mixture 
of mercury and mercury(II) oxide.’* 

Sulfides, Selcnides, and Tellurides. Sulfides of these elements are 
comparable to the oxides but are more highly covalent. The sulfides 
of the Group lib elements are water insoluble. Indeed, equilibrium 
concentrations of sulfide ion are so small that acids arc required to 
effect dissolution, the required proton concentration increasing with 
increasing atomic weight of the metal. With mercury (I I) sulfide an 
oxidant is normally required as well. The sulfides of the Group Ila 
elements are much more soluble and, except for the beryllium com¬ 
pound, undergo hydrolysis in contact with water to M(SH)j and 
HjS. All react readily wth aqueous acids. Polysulfides are formed 
with the calcium, strontium, and barium compounds. Mercury(II) 
sulfide is sufficiently amphoteric to dissolve in excess sulfide ion (p. 
866 ). Selenides and tellurides are comparable in character in all 
cases. Mercury(I) compounds are again unknoNsm. The effects of 
cation and anion size in determining crystal lattices are pronounced. 
The following structure types are distinguishable: zinc blende (cova¬ 
lent) with BeS, MgTe, ZnS, ZnSe, ZnTe, CdTe, HgS, HgSe, HgTe; 
wurtzite (covalent) with BeSe, BeTe, ZnS, CdS, CdSe; and sodium 
chloride (ionic) with MgS, MgSe, CaS, SrS, BaS, CaSe, SrSe, BaSe, 
CaTe, SrTe, BaTe, HgS. Certain of the materials are obviously 
dimorphous. 

“ A. B. Garrett and A. E. Hirschler: J. Am. Ckem. Soc., 60, 299 (1938). 

” R. Frickc and P. Ackermann: Z. anorg. aUgem. Chem., 311, 233 (1933), 
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Compounds with Nitrogen Family Elements. The Group IIA ele¬ 
ments form (usually by direct combination) nitrides of the t)rpe MjNj, 
which are colorless, crystalline compounds. The beryllium compound 
is somewhat volatile; the others are not. All decompose to the ele¬ 
ments when heated excessively, and all are hydrolyzed to ammonia and 
the metal oxide or hydroxide in contact with water. The Group lib 
metals give analogous, but poorly characterized, compounds by 
indirect reactions involving amides. These compounds are definitely 
less stable than the more ionic nitrides of the Ila elements. Phos¬ 
phides, arsenides, etc., form with decreasing ease. Azides are obtain¬ 
able with the Group Ila elements. 

A variety of mercury(II)-nitr()gen compounds has been described. 
All these compounds are ammonia derivatives and may be classified 
into three general types as (1) ammines, (2) ammonobasic compounds, 
and (3) mixed aquo-ammonobasic compounds. 

AMMINES. Examples of the series [Hg(NHj) 2 ]X 2 and [Hg(NHj) 4 ]Xj 
are known. These may be true ammines or ammoniates. They are 
mentioned in more detail in a later section of this chapter (p. 866). 

AMMONOBASIC COMPOUNDS. Most familiar of these is the compound 
Hg(Nn 2 )Cl, which is formed when ammonia reacts with mercury{II) 
chloride or, along with mercury, when ammonia reacts with mercury(I) 
chloride. Ethylamine gives an analogous compound, Hg(NHCjHi)Cl, 
but oxy compounds or mercury give mixed aquo-ammonobasic deriva¬ 
tives instead. Derivatives containing -“-Nil or sN are possible also 


(p. 570). , . .. 

MIXED aquo-ammonobasic COMPOUNDS. Parent compound m tnis 
series is Millon's base, {H0Hg)2NH20H. a yellow powder which is 
formed when aqueous ammonia reacts with yellow raercury(II) oxide. 
The crystal structure of this compound amounts to HgN groups in a 
three-dimensional framework of the idealized cristobalite (P- 
type.*^ The mercury atoms have linear bonds of the sp type and the 
nitrogen atoms tetrahedral bonds of the sp^ type. The structure is 
face-centered cubic with a = 9..58 A, and the Hg--N bond distance is 
207 A. The following formulations are both in accord wi i le 

stoichiometry of the compound: 

H-O-Hg 

0 ^ '^mUOHlUO 

/ \ / 


H—O- Hg 


Hg 


When treated «ith acids, the 'O^pound is neutru^ired and yields ^ 
series of salts of composition OHg 2 Ml 2 X (X C, 

5^ W. N. Lipsi’ornb; Cryst., 4, 1.56 (1951). 
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Dehydration of the original base yields, successively, OHgiNH,OH 
and explosive OHgiNH. These behaviors would seem to favor struc¬ 
ture 11, although structure I is often written. The chloride of Mil- 
lon’s base, OHgiNHjCl, is formed when ammonobjwic mercury(II) 
chloride is hydrolyzed by heating with water. The iodide is precipi¬ 
tated when Nessler’s reagent (p. 8G5) reacts with ammonia. 

Compounds Containing Metal-Carbon Linkages. Carbides formed by 
the Group II elements have been described in Chapter 16 (pp. 696- 
698). Also w’ell characterized are the cyanides, which are knowm for 
all metals in the family. All cyanides except the mercuryfll) com¬ 
pound are comparatively stable toward heat and salt-like in character, 
Mercury(II) cyanide gives cyanogen when heated (p. 467). Its 
aqueous solutions are those of a non-electrolyte and apparently con¬ 
tain the species Hg(CN )2 since there are present insufficient cyanide 
ions to give auto complexes. The absence of ions is indicated by the 
very low electrical conductivities of such solutions, by the fact that 
they are not precipitated by hydroxyl or iodide ions, and by the forma¬ 
tion of the compound from mercury compounds and normally stable 
cyanides such as Prussian blue (p. 720). Mercury(I) cyanide does 
not exist, again because of disproportionation. 

Alkyl and aryl derivatives are common for beryllium, magnesium, 
and the Group Ilb elements. The alkaline earth metals proper do not 
give many compounds of this type. Of particular interest to the 
organic chemist are the magnesium compounds of the type RMgX 
(X = Cl, Br, I), the Grignard reagents. All these compounds are 
considered in textbooks on organic chemistry. 

Ternary, etc., Compounds. Almost all ternary, etc., acids are known 
in the form of their salts with the Group Ila elements and, to lesser 
extents, the Group Ilb elements. It is somewhat beyond the scope 
of this book to detail all the characteristics of all these salts. In a 
general way, however, salts of the Group Ila elements are somewhat 
less soluble than corresponding ones of the Group la elements, whereas 
in a comparison of salts of the Groups Ilb and Ib elements the reverse 
is commonly true. Water solubility is limited in general in both 
families to nitrates, chlorates, perchlorates, acetates, etc. Signiheant 
differences lie in the sulfates where the calcium, strontium, barium, 
and radium compounds have limited solubilities. Hydrolysis effects 
give many basic salts with beryllium. 

Coordination compounds and complex ions 

The situation in this group, although comparable to that in Group I, 
is different to the extent that the enhanced charges and reduced sizes 
of the ions of the members of the A family do promote covalence to a 
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greater extent. For )>cryllium, conditions are particularly favorable, 
and many complexes are known. 

The Grovp I la Metals. It would appear advisable to discuss this 
topic under the headings beryllium complexes and complexes of the 
other members of the family. This is dictated by the fact that, 
although conditions for complex formation are nearly as unfavorable 
for the heavier members of the family as for the alkali metals, they are 
very favorable for beryllium indeed. 

BFRYLi.iUM COMPLKXKS. The Concentration of positive charge 
which makes the beryllium ion prone to accept electron pairs confers 
considerable stabilities upon the resulting complexes. Covalent 
binding in such species is of the sp* type and is tetrahedral (p. 257). 

Although freezing point data in binary systems of beryllium chloride 
with various metal chlorides (e.g., LiCl, TlCl, BaCU) indicate double 
salts which might be formulated as Mi'lBeCb] or M” [BeCU]^®* such a 
chloro anion has no stability in aqueous solution. Tetrafluoberyl- 
late(II) ion, (BeF 4 ]“* is well known, however, both in solution and in 
the form of solid salts. These salts are recoverable by crystallization 
from aqueous solutions, although the reactions of such solutions indi¬ 
cate some dissociation of the [BeF*]”’ ion. The tetrafluoberyllates 
resemble the sulfates in their solubilities and in the formation of double 
salts such as M 2 ‘M''(BeF 4 ) 2 *CIl 20 because of similarities in size and 
structure.®® The compound K 2 BeFrAl 2 (S 04 ) 3 ' 24 Hi 0 is of the alum 
type (pp. 539-541.) The crystal structure of the ammonium salt, 
{NH 4 ) 2 lBeF 4 l, shows the arrangement to be the same as that in K2SO4, 
indicating the BeF 4 -“ and 804 "^ groups to have essentially the same 
size and shape. Each beryllium atom is surrounded tetrahedrally 
by four fluorine atoms at l.Gl A.*‘ The tetrafluoberyllates are formed 
from reaction of beryllium oxide with acid fluorides. In the presence 
of excess beryllium fluoride, materials of the type M'[BeFj] can be 
obtained, but these revert to tetrafluoberyllates in water. 

Complexes containing beryllium to oxygen bonds are very numerous. 
In a sense, the simplest of these are aquo complexes. Most beryllium 
salts are hydrated, often with four moles of water per beryllium atom, 
and it may be assumed, as a reasonable hypothesis, that 
molecules are associated with the beryllium ion as [BeCHaO)*! • 
The situation in aqueous solutions of beryllium salts is, of course 
quite indeterminate (p. 281), but the properties of such solutions (hig 

« J.-M. Schmidt: /Inn. chim. (x), 11, 3.51 (1029). 

« H. O'DanicI and L. Tschcischwili: Z. Knst., 104, 124 (1942). 

N. N. R&y: Z. anorg. allgem. Chem., 206, 257 (1932). 

R. Hultgron: Z. Krist., 88, 233 (1934). 
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viscosity, low cation mobility, abnormal freezing point depressions) 
indicate the beryllium ion to be more highly hydrated than any other 
dipositive species.” Ethers, aldehydes, ketones, and other oxygenated 
compounds add readily to anhydrous berylUum compounds such &6 
the chloride, giving compounds of the general type Be(OR)iX* (OR - 
organic oxy compound). 

Beryllium salt solutions dissolve several moles of beryllium oxide, 
hydroxide, or basic carbonate per mole of beryllium ion present to give 
systems with only slightly diminished electrical conductivities and 
slightly enhanced freezing point depressions. The conclusion of 
Sidgwick and Lewis” that such solutions contain complexes of the 
type (Be(0Be).(H)0)4-.]+’ accounts for their properties and also 
explains such observations as the enhanced solubilities of beryllium 
salts (e.g., the sulfate) in the presence of the oxide. Beryllate ion, 
BeOr* or HBeOr, is also an oxy complex. 

Many chelated species are known also. Of particular interest 
among these are chelates of the /5-diketones** and /5-keto esters (p. 241) 
and a series of so-called basic beryllium derivatives of the type Be*0- 
(RCOi)e (R = CHi, CiHi, C«H», etc.)** These “basic” compounds 
are characterized by volatility, solubility in non-polar solvents, and 
complete lack of ionic properties. Structural studies**"** indicate the 
presence of a central oxygen surrounded tetrahedrally by four beryllium 
atoms, the acetate, etc., groups being arranged along the six edges of 
the tetrahedron. This gives a series of chelate rings 

Be—0 

/ \ 

0 C—R 

\ / 

Be—0 

The arrangement around each beryllium atom is abo tetrahedral, and 
the structure amounts then to four BeO^ tetrahedra with one oxygen 
atom common to all four, the remaining oxygen atoms being supplied 
by the organic groups. Other oxy complexes embrace those derived 
from phenols, aromatic o-hydroxy acids, and dicarboxylic acids. 

“ R, Fricke and H. SchUtzdeller: Z. anorg. aUgem. Chem., ISl, 130 (1923). 

*» N. V. Sidgwick and N. B. Lewis: J. Chem. Soc., 1926, 1287. 

** A. Arch and R, C. Young: Inorganic Synthceet, Vol. II, pp. 17-20. McGraw- 
Hill Book Co., New York (1946). 

“T. Moeller: Inorganic SyrUheeet, Vol. Ill, pp. 4-9. McGraw-Hill Book Co., 
New York (1950). 

»» W. H. Bragg and G. T. Morgan: Froc. Roy. Soc. (London), A104, 437 (1923). 

” G. T. Morgan and W. T. Astbury: Proc. Roy. Soc. (London), A112,441 (1926). 

*• L. Pauling and J. Sherman: Proc. NaU. Acad. Sci., 20, 340 (1934). 
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Beryllium complexes containing donor nitrogens are less common. 
The anhydrous halides give ammines, BeX 2 -nNH 3 (n = 4, 6, 12 if 
X = Cl, Br, I), but because of the strength of the Be—0 bond, these 
compounds are decomposed by water. Various amines, diamines, and 
nitriles give similar compounds, although usually only two or four 
groups are present. 

COMPLEXES OF MAGNESIUM, CALCIUM, STRONTIUM, BARIUM, AND 

R.\DiUM. The only derivatives of calcium and the heavier members 
of the group which could be called complexes are a few poorly char¬ 
acterized /3-diketone and /S-keto ester compounds, some alcoholates, 
and a few relatively unstable ammines (e.g., MXj-nNHj). To this 
list one might add hydrates. In all cases, the thermal stabilities of 
such materials decrease markedly as cation size increases. Indeed, 


even hydration is limited among the heavier members. The situation 
is of course essentially the same as that characterizing the alkali metals. 
In solution, however, hydroxy anions such as tartrate and citrate do 
tie up these cations, species such as Sr(tar) and Sr(cit)” having been 
reported and characterized by pk' values of 1.69 and 2.81, respectively, 
at 25®C.”-^‘’ The sequestering of calcium, etc., ions with polymeta¬ 
phosphate (p. 053) and reagents such as ethylenediaminetetraacetate 
or nitriloacetate probably involves complex formation also. 

As expected, the belmvior of magnesium is intermediate between the 
behavior of these elements and of beryllium. Magnesium compounds 
hydrate quite readily, and the anhydrous magnesium halides in par¬ 
ticular combine readily with many oxygenated organic compounds 
{e.g., ethers, alcohols, esters, ketones, and aldehydes), presumably 
through donor behavior as the part of the oxygen. A poorly charac¬ 
terized acetylacetonate has been reported. Various ammines and 
amine addition compounds are known for many magnesium salts, but 
these are generally unstable in contact with water. The species 
M'lMgFj) and Mi'[MgF«] apparently exist in systems such a.s 
KF-MgF: and RbF-MgFj,^* but fluo anions are non-existent m 
aqueous solutions. It is probable that none of thesc spec.es possesses 


predominant covalent character. r n f r 

The Group Ilb Metals. For these elements, conditions for the lor- 

mation of complexes are generally more favorable but, on ‘he average, 
probably less favorable than for the coinage metals (pp. b.i-l » ■ j- 
Lordination numbers of/oar (in particular) and 
are noted. In the common 4-coordinate complexes, .sp In bridu. t.on 
imparts tetrahedral geometry, wherever the bonding is truly cotalcn . 


n 

40 

41 


khubert: J. Phys. Colloid Chem., 62, 3^® ^ 

ichubert and J. W. Uichlor: J. 5 rtl “o') 

Remy and W. Seemann: Rec. trav. chtm., 69, 516 
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The hybridization mnphid^ may he assumed for the 6-coordinate com¬ 
plexes. In their complexes, the elements of this family are in a 
uniform -\-2 state of oxidation. 

HALO COMPLEXES. A number of solid double halides of compositions 
M‘M‘'X3, M3'M"X4, and M3'M"Xs (M' = Na, K, etc.; M" = Zn, 
Cd; X = Cl, Br, I) can be distinguished. Included also are a few 
fluorides of the first two types and with cadmium a few materials of 
type M^'lCdXe] (X = Cl. Br). The [MX5I-’ group is a combination 
of [MX*]-* and X- (p. 258). The same is probably true of the 
(MX«]-* arrangement. Mercury gives no fluo derivatives but chloro, 
bromo, and iodo'compounds of the types M‘(HgXj] and Mi'HHgX^] are 
reported. In solution, there is some evidence for the existence of 
halozincate ions, and very excellent evidence for halo anions containing 
cadmium and mercury is available (pp. 857-858). Of all the species 
which may be present in solution, the (MX^)"* type of halo complex is 
most important. Stability of these species increases regularly with 
increasing weight or size of either cation or anion, maximum stability 
being achieved with the [Hgl*]-* ion. This is shown rather vividly 
by the fact that the pH values at which cadmium hydroxide** and 
mercuryfll) oxide** precipitate from aqueous solutions increase 
markedly as the excess anion present is changed from chloride to 
bromide to iodide. Indeed, cadmium oxide is quite soluble in alkali 
metal iodide solutions,** and mercury(II) oxide dissolves quanti¬ 
tatively in chloride, bromide, or iodide solutions as 

HgO -1- 4X- -b HjO - [HgX*]-* + 2011- 

the reaction being most pronounced with iodides.** The stability of 
the tetraiodomercurate(II) complex is also indicated by the ease with 
which normally insoluble mercury(II) iodide dissolves in solutions con¬ 
taining iodide ion and by the fact that solutions containing this species 
can be made strongly alkaline wthout precipitating (Nessler’s reagent). 
The tetrahedral nature of the (HgXiJ-* group has been confirmed.** 
Of the salts of these halo complexes, the tetraiodomercurates are the 
most important. The silver(I) and copper(I) compounds containing 
this anion are highly colored and insoluble. They undergo striking 
color changes when heated because of dimorphism. 

COMPLEXES CONTAINING OXYGEN FAMILY DONORS. The donor ability 
of oxygen toward cations in this family decreases rapidly from 
zinc to cadmium to mercury. This is indicated by decreases in ten- 

** T. Moeller and P. W. Rhymer: J. Phys. Chem., 46, 477 (1942). 

“ H. T. S. Britton and B. M. Wilson: J. Chem. Soc., 1932, 2550. 

** H. T. S. Britton and B. M. Wilson: J. Chem. Soe., 1933, 9. 

*‘J. A. A. Kelelaar: Z. Krid., 80, 190 (1931). 
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dency toward hydrate, alcoholate, etherate, etc., formation, the zinc 
compounds being the most numerous and the most stable. Zinc alone 
forms oxyanions with alkali, i.e., the zincates. Chelate complexes 
embrace acetylacetonates, dioxalato compounds, and a few others. 
Zinc forms a “basic” acetate, Zn^OfCHjCO?)#, which is volatile like 
its beryllium analog but more readily hydrolyzed.*® 

Sulfur appears to be a better donor than oxygen. Important sulfur 
complexes are the dialkyl sulfide addition products of the halides, 
(RiS) 2 -MX 2 (M = Zn, Cd, Hg). With mercury, R 2 S* 2 HgXi and 
RzS-HgXj form also, the last being the most common. Thiourea 
(tu) gives a zinc complex, [Zn(tu) 2 ]Br 2 , and mercury(II) sulfide dis¬ 
solves in alkali metal polysulfide solutions because of formation of the 
thio anion, [HgSj]"*. 

COMPLEXES CONTAINING NITROGEN FAMILY DONORS. Salts of theSC 
metals absorb ammonia readily to give a number of ammoniates. 
Certain of these are true ammines [M(NHa),l■'■^ which retain their 
identities in solution. Commonest are the tetrammines, although 
diammines are well-characterized with mercury and hexammines with 
zinc and cadmium. With mercury, formation of ammonobasic 
derivatives (p. 8G0) is a competitive process but can be reduced in 
importance by the presence of ammonium ion. It is of interest that 
the mercury(II) halides add only two moles of ammonia, presumably 
because two coordination positions are already filled with covalently 
bonded halogens, whereas more ionic mercury(II) compounds (e.g., 
nitrate, perchlorate) add four moles. Organic amines and diamines 
also give complex cations. Ethylenediamine gives complexes of the 
type [M(en),l+’ (M = Zn, Cd, Hg), thereby rendering these materials 
6 -coordinate. A few nitrile and nitro complexes have been reported. 

Tertiary phosphines (RjP) and arsines (R^As) form a number ol 
different types of compounds with cadmium and mercury. These are 
formulated by Mann and his co-workers,"-** using the phosphines as 

typical, as 


■R 3 P 

X“ 


\ 

/ 



M 


/ 

\ 


-RjP 

xJ 

- 


X X PR 3 

\ / \ / 

M M 

/ \ / \ 

R,P X X J 

II 


X PR* 

RjP-^M^X—M—X 
\ ^ r. 

X PR* 

HI 


1209. 


F. G. Mann and D. Purdic: J. Cbem. Soc., 1940, 1230. 
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XXX 
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Hg 
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R,P X 

IV V 

Types I, II, and III are common to both cadmium and mercury, but 
Types I\’ and V are perculiar to mercury. The proposed structure of 
the Type V material is most unusual. That of Type III is not well 
established. 

COMPLEXES CONTAINING cAiinoN FAMILY DONORS. The most impor¬ 
tant complexes of this kind are the cyanides [M(CN)j]“ and (M(CN4)]”* 
(M = Zn, Cd, Hg), the second type being the more important. In 
the tetracyano complexes, the arrangement around the central cation 
has been proved to be tetrahedral.^* The stabilities of these species 
are indicated by the oxidation potential data in Table 19-4. Insta¬ 
bility constants for the zinc and»cadmium tetracyano ions are estimated 
to be 1.3 X 10"” and 1.4 X 10"”, respectively.*® Zinc forms a few 
peculiar alkyl complexes, especially ethyl complexes of the types 
M'fZnfCiHi)*) and Mj'IZnfCjHi)*] (M‘ = alkali metal). These 
materials are conductors of the electric current*' ** in solution in 
diethyl zinc and are electrolyzed to zinc and various hydrocarbons. 
Zinc chloride adds hydrocarbons such as 2-methylbutene-2, a behavior 
similar to that noted for silver in Group I. 

SUGGESTED SUPPLEMENTAKY REFERENCES 

N. V. Sidgwick: The Chemical Elemenla and Their Compounds, pp. 193-333. 
Clarendon Press, Oxford (1950). 

\V. M. Latimer; The Oxidation States of the Elements and Their Potentials in Aqueous 
Solutions, Ch. X, XX. Prentice-Hall, New York {193S). 

“ R. G. Dickinson: J. Am. Chem. Soc., 44, 774 (1922). 

” H. von Euler; Ber., 3S, 3400 (1903). 

“ F. Hein: Z. Elektrochcm., 28, 409 (1922). 

** F. Hein with E. Petschner, K. Wagler, and A. Segitz; Z. anorg. allgem. Chem 
141, 161 (1924). 
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CHAPTER 20 


The Transition Elements 

As previously indicated (pp. 103-106), the transition series arise 
because of preferential occupancy of (n — 1) d orbitals, the ns arrange¬ 
ments remaining constant or nearly constant. By this definition, one 
includes as transition elements all those in the series Sc-Ni, Y-Pd, 
La-Pt, and Ac on. However, because of the filling of 4/ and 5/ 
orbitals, certain of the elements in the latter twoseries (the inner transi¬ 
tion elements) possess properties which are sufficiently distinctive to 
warrant separate consideration of these elements. This is done in 
Chapter 21. Remarks in the current chapter are restricted, therefore, 

to the transition elements proper. 

All the transition elements are metals. They vary widely in abun¬ 
dance, some (e.g., Fe, Ti) being plentiful, others (e.g., Sc, Re) being 
rare. Many of the elements are distinctly unfamiliar in general prac¬ 
tice either because of inherent scarcity or difficulty of recovery, yet 

the transition series also contain a number of metals (e.g., 

Cr, W, Mo, Ti) about which world technical economy is built. The 

characteristics of the transition metals vary tremendously 
to family, yet as a group these elements are characterized by ig 
densities, low atomic volumes, high melting points, high boiling 
and abilities to form alloys both with each other and with some o 
representative elements. Within any particular transition senes there 
is a well-defined similarity among the members which is no e 
tered to any particular extent among representative elements 
gradually changing atomic mimbers. Such similanties 
similarities in electronic arrangements and sizes and a , ■ 

even more pronounced with the inner transition elements. As me 
name implies, the transition metals really serve as tiansi ion 
between the most highly electropositive and the least high y 

''TtTmlnitetirimpotibiM^^ -H; 

prehensively within the space of a i„ elating 

practical to give an overall summary which may be usciul 
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these elements to the other elements of the periodic classification. 
Accordingly, some of the general characteristics of the elements and 
those properties of the elements and their compounds which are most 
closely dependent upon electronic configurations are discussed. This 
information is then supplemented by brief consideration of the mem¬ 
bers of the individual families. 

PHYSICAL AND CHEMICAL CHAR.ACTERISTICS OF THE 

ELEMENTS 

Numerical properties characteristic of the members of the first, 
second, and third transition series are summarized, respectively, in 
Tables 20T, 20-2, and 20-3. Similarities and differences within each 
series are thus readily apparent. The trends within each family are 
shown by comparison of the three tables. These trends arc in general 
those already discussed for the other metallic elements and are due to 
the same underlying causes. The effects of the lanthanide contraction 
are shown quite clearly. The values in these three tables may be 
compared to advantage with corresponding data for the Group I 
(Tables 18-1 and 18-2), Group 11 (Tables 19T and 19-2), and lanthanide 
(Table 21-1) elements. 

It is impossible to distinguish any regularity in the chemical char¬ 
acteristics of the transition metals. The metals vary from highly 
electropositive (e.g., Sc, Y, La, Ac) to essentially inert (e.g., platinum 
metals) character. Even within individual families significant differ¬ 
ences appear. These become most apparent toward the ends of the 
transition series and are least pronounced among the beginning mem¬ 
bers. Individual properties are discussed in conjunction with mem¬ 
bers of the individual families. 

CHARACTERISTICS RELATED TO ELECTRONIC ARRANGEMENTS 

Addition of electrons to (n — l)d orbitals without significant altera¬ 
tion of the “outermost” arrangements renders the transition metals 
and their derived ions significantly different from the representative 
elements. Such differences appear in oxidation states, magnetic 
properties, colors of ionic and complex species, and formation of com¬ 
plex materials and interstitial compounds. However, the distinguish¬ 
ing (71 — \)d electrons readily become the “outermost" electrons and 
are not particularly shielded even in the neutral atoms. As a conse¬ 
quence, they are involved completely or in part when the elements 
enter into chemical combination and never contribute to unusual 
characteristics to the extent that / electrons do (pp. 895-901). Size 
decreases with increasing atomic numbers are significantly less than 
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electronegativity 




S71 




Longest-lived isotope, f Calculated from x-ray data. 
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Pt 

10 
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** 00 CO lO ^ ^ CO 

00 © ? X( • < N eo ‘ • 

S . ©" ^ ^ ^ ^ 

05 

© ^ 

u 

77 

Sd* 

191,193 

193.1 

22.64 

8.53 

2454 

4800 

1.260 

9.2 


76 

5rf*6s* 

184, 186, 187, 
188,189,190, 
192 

190.2 
22.70 
8.38 
2500 
> 5300 
1.255 
8.7 

Ci 

© © 

«« ^ © r* Q 

« CO © © w © 

1/) O • . . , 

©Qoo‘^5 

^ ^ ^ ^ 

1 

w 

74 

5<1*6«* 

180, 182, 183, 
184, 186 

183 92 
19.262 
9.55 
3370 
5930(?) 

1.299 

7 98 


% S <8 $ W CO 4J 

CO <0 • • o o • ^ 

3 © « « O CO 

^ CO © 

Hf 

72 

5<l*6a» 

174, 176, 177, 
178, 179, 180 

178.6 
13.30 
13.43 
2227 
> 3200 
1.442 
5.5± 


57 

5d>6«* 
138,139 

1 

138 92 

6 194 
22.43 
885 

1.690 

5.61 

Property 

Atomic number 

Outer electron coii6guration 

Mass numbers, stable isotopes 

Atomic weight 

Density of solid at 20*C., grama/cc. 
Atomic volume, cc. 

Melting point, "C. 

Boiling point, ^C. 

Covalent radius, A 

Ionization potential, ev 


I 
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among the representative elements because of the constancy of outer 
electron arrangements. It is important to point out again (p. 93) 
that the principle of maximum multipUcity promotes lack of electron 

pairing in the d orbitals. 

Oxidation states 

Known oxidation states for the various transition metals are sum¬ 
marized in Table 20-4. Constancy of oxidation state is character- 

TABLE 20 4 


Oxidation States of the Transition Metals 


So 

Ti 

V 

Cr 

Mo 

Fe 

Co 

Ni 

+3 

+2 

+2 

+2 

+2 

(+!)• 

(4-1) 

(4-1) 

+3 

+3 

+3 

+3 

+2 

4-2 

4-2 


+4 

+4 

+6 

+4 

+3 

4-3 

(4-3) 


+5 


+6 

+6 

4-4 

4-4 





+7 




Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

+3 

(+3) 

(+2) 

+2 

+7 

+2 

4-2 

4-2 


+4 

+3 

+3 


+3 

4-3 

(4-3) 



(+4) 

+4 


+4 

4-4 

4-4 



+5 

+5 


(+5) 

(4-6) 





+6 


+6 








(+7) 








+8 



U 

Hf 

Ta 

W 

Re 

Oa 

Ir 

Pt 

+3 

(+3) 

(+2) 

+2 

(-1) 

+2 

4-2 

4-2 


+4 

(+3) 

+3 

(+1) 

4-3 

4-3 

(4-3) 



(+4) 

+4 

(+2) 

4-4 

4-4 

4-4 



+5 

+5 

+3 

4-6 

(+6) 

(4-6) 

% 



+6 

+4 

4-8 







+5 








+6 








+7 





* OxidatioD states given in parentheses have been reported but are either 
extremely unstable or poorly characterized. 


istic of the Group Ilia elements and, tvith the exception of titanium, 
of the Group IVa elements, but among the other materials variability 
is the rule. The lowest common positive oxidation state is +2, cor¬ 
responding to the removal of the ns* electrons generally characteristic 
of the transition metal atoms. If other oxidation states exist, they 
commonly differ from each other by unity, corresponding to the lack 
of pairing of d electrons. For a given element, increases in covalent 
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character, acidity, ease of hydrolysis, etc., of course parallel increases 
in oxidation number. 

Striking similarities in solubilities and crystallographic properties 
are found among compounds of adjacent transition metals, provided 
the oxidation state remains constant. These are due to essential 
constancy in crystal radii with changing atomic number. Thus, for 
members of the first transition series (taken as typical), the follomng 
empirical radii (in angstroms) are given: 



V 

Cr 

Mn 

Fe 

Co 

Ni 

+ 2 



0.91 

0.83 

0.82 

0.78 

+3 

0.75 

0.65 


0.67 

0.65 



Except for such regularities, the general characteristics of the various 
oxidation states, particularly the oxidizing and reducing properties, 
vary from family to family and often from element to element. 


Magnetic properties 

Previous discussions have been devoted to the magnetic properties 
of both the simple transition metal ions (pp. 1G9-170) and certain of the 
complexes derived from them (pp. 227-278). In almost all instances, 
the observed magnetic moment is related directly to the number of 
unpaired electrons present in the d orbitals. 


Color and obsorpfton spectra 

Transition metal ions containing unpaired d electrons are colored 
both in solid salts and in solution. This is indicated for the members 
of the first transition series and related materials in Table 20.5. Such 


TABLE 20-5 

Colors of Simple Ions of Mesibers of First Transition Series and Related 

Metals 


Number of 

Unpaired Electrons Ionic Species and Color 

0 K-*^, Ca**, Sc-^>, Ti^*, Cu^ Ga-*-* (colorless) 

1 Ti"^* (purple), V** (blue) 

2 (green), Ni** (green) 

3 V-^* (violet), Cr** (violet), Co+* (pink) 

4 Cr-^* (blue), Mn+* (violet), Fe*« (green) 

5 Mn** (pink), Fe** (yellow) 


colors arc reasonably intense, but they are readJy modified by the 
presence of a variety of complexing agents. This j 

ihat transitions involving the d electrons present are " 

he colors since these are the electrons which are involved in complex 
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20 Complex Formation 

formation. The absorption spectra of mo.st colored transition series 
species consist of rather broad absorption bands, the positions of 
which are characteristic of the ionic or complex species present. 

Complex formation 

The ability to form complex species is at a maximum among the 
transition metal ions,* doubtless because of a combination of such 
favorable acceptor factors as small cation size, comparatively large 
nuclear or ionic charges, and appropriate electronic arrangements. 
This is apparent from the discussions in Chapter 7, where most of the 
examples considered are derived from transition metal ions. It 
must not be assumed, however, that all transition metal ions form 
complexes with equal ease. Not only are there marked variations from 
family to family and wdthin each family but also significant differ¬ 
ences among the various oxidation states of particular metals as well. 
However, there are very readily distinguishable trends toward enhanced 
stabilities of complex species \vith increasing atomic number in each 
particular transition series, with decreasing size in a particular state 
of oxidation in each particular family, and with increasing oxidation 
number for each particular element. Of course, exceptions to these 
trends can be found without difficulty. 

Cobalt(in) and closely related cations form a variety of truly 
covalent complex species, the chemistries of which have been described 
to some extent in Chapter 7. Among these, sp®, dsp*, and d*sp* 
hybridizations-(pp. 256-261) are readily obtained. Much of the 
chemistry of the platinum metals is that of the complexes which they 
form. These tendencies of course carry over into certain oxidation 
states of the coinage metals (pp. 839-843). At the other extreme 
among the Group Ilia cations, tendencies toward the formation of 
stable complex species are practically indistinguishable except for 
scandium ion. Such species as exist only in solution are presumably 
predominantly ionic in character (pp. 902-903) and normally have 
no stable existence in the solid state. All instances between these 
extremes characterize cations of the intermediate elements. 

The effect of oxidation state is often striking. The classic example, 
of course, is again cobalt where in the dipositive state only compara¬ 
tively unstable ionic complexes form whereas in the tripositive state 
stable covalent species form (p. 227). Similar situations are found 
for chromium, vanadium, and a number of other metals. In some 
instances, for e.xample among the carbonyls (pp. 706-717) and certain 
cyano derivatives (pp. 718-719), even the neutral metals yield com- 

> J. C. Bailar, Jr.: Chem. Rwb., 23, 65 (1938). 
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plex species. The appearance of otherwise unknown oxidation states 
is not uncommon (pp. 300-301). 

Interstitial compound formation 

The transition metals appear to be unique in their ability to react 
with small non-metal atoms to give interstitial compounds. The 
characteristics of hydrides (pp. 411-415), nitrides (pp. 579-580), 
carbides (pp. 699-700), and borides (pp. 769-773) of this type should 
be reviewed. It should be pointed out also that formation of non- 
stoichiometric compounds (pp. 224-225) is also a striking character¬ 
istic of the transition metals. 


CHARACTERISTICS OF INDIVIDUAL TRANSITION 

METAL FAMILIES 


Periodic Group Ilia (Sc, Y, La, Lu, Ac) 

The chemistries of all these elements except scandium are intimately 
related to the chemistries of the inner transition elements as described 
in Chapter 21. As such they need not be covered at this point. All 
these elements are highly electropositive and in general have the prop¬ 
erties which one would predict by an extension of the trends noted 
between, the alkali metals (Ch. 18) and the alkaline earth metals (Ch. 
19). They are all comparatively rare and distinctly unfamiliar. 
Scandium is somewhat different from the others because of the smaller 
size of its cation. Such differences appear largely in mode of occur¬ 
rence in nature (scandium usually not associated with the others) 

and ease of complex formation. 


Periodic Group IVa (Ti, Zr, Hf) 

Except for hafnium, these elements are reasonably abundant, m 
nature (Ti, 0.44%; Zr, 0.022%; Hf, 4.5 X 10-% of the igneous rocks 
of the earth). Yet the difficulties of separation and particularly oi 
preparation of the free metals have rendered them 
unfamiliar for many years. The rvidespread use of 
as a white pigment* and realization of the excel ent 
ical properties (iike those of stainless steel) of 
have given titanium materials technical status. A simi 

* J. Barksdale: Titanium. It 4 Occurrence, Chemistry, and Technology, Ch. 10-20. 

The Ronald Press Co.. New York (1949). 

> W. H. Waggaman and E. A. Gee: 

. 0. C. Ralston and F. Soc.. «7, 49 

» E. A. Gee, W. H. Van Derhoef, and C. H. Winter. J. 

(1950). 
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Periodic Group Va (K, iVb, Ta) 

may be expected for xirconium.*' Hafnium differs so slightly from 
zirconium because of lanthanide contraction effecta that its develop- 
ment appears to offer no immediate advantages. Its separation from 
the much more abundant zirconium is so difficult that it is seldom 


carried out technically. 

TABLE 20.6 

Oxidation Potentials Characteristic of Group IVa Elements 



Elquation 

volts 


Couple 

1 

Zr 

Hf 

M(0)-M(IV)* 

M + 2H,0 MO» + 4H+ + 4<- 

0,95 

1.43 

1.57 

M + H,0 ^ MO++ + 2H+ + 4«' 

ca. 0.95 

1.53 

1.68 

M(0)-M(II) 

M(II)-M(III) 

M(III)-M(IV) 

M + 40H- ^ MO(OH), + H,0 + 4e- 
Ti Ti*> + 2e- 

Ti** Ti+* + «■ 

Ti+* + H,0 =tTiO+» + 2H+ + e" 

1.75 

0.37 

ca. —0,1 

2.32 

1 

1 

2.60 


• Comparative values for thorium; 


Th ^ Th+* + 4e- - ca. 2.06 volts 

Th + 2H,0 ThO, + 4H* + 4<' - 1.80 

Th + 40H- ;=i ThO, + 2H,0 4- 4e- - 2.64 

The metals react readily with the halogens, oxygen, sulfur, nitrogen, 
hydrogen, water vapor, etc., at elevated temperatures but are com¬ 
paratively unreactive at ordinary temperatures. Pertinent oxidation 
potential data for the free elements and various ionic species wth 
titanium are summarized in Table 20.6. The +4 oxidation state is 
most characteristic and is weakly oxidizing. For titanium the lower 
states are well characterized and strongly reducing. The tetrapositive 
compounds are quite readily hydrolyzed. In this state, there is a 
fair resemblance to thorium. The free metals are obtained in ductile 
form by thermal reduction of the anhydrous tetrachlorides with 
magnesium,*’* followed by sintering and mechanical working or 
fusion. 

Periodic Group Va (K, JVb, Ta) 

These elements are reasonably rare (V, 1.5 X 10"*%; Nb, 2.4 X 
10 *%; and Ta, 2.1 X 10"*% of the igneous rocks of the earth) and 
generally lacking in familiarity. Vanadium is wdely used in the pro- 

• Anon: Chem. Eng. News, 87, 3198 (1949). 

’ Anon; J. Chem. Education, 27, 24 (1950). 

• W. J. Kroll and W. W. Stephens; Ind. Eng. Chem., 48, B95 (1950). 
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duction of ferrous alloys both as a scavenger and as a strengthening 
and toughening agent. The marked improvement in the properties of 
alloy steels produced by even small quantities of the metal (added as 
ferrovanadium, an iron-vanadium alloy) has contributed to technical 
use of the metal. Development of niobium and tantalum has been 
slowed by uncertain mineral supplies and processing difficulties. 
However, the marked resistance of both metals, particularly of tanta¬ 
lum, to acid corrosion has made them useful in the production of 
chemical process equipment. Technically, tantalum is the more 
important,and its future is assured. Niobium is more difficult to 
recover than tantalum. It appears to offer advantages over the other 
metal in ferrous alloys and high temperature resisting alloys. 


TABLE 20.7 

Oxidation Potentials Characteristic of Group Va Elements 


Couple 

Equation 

volts 

V 

Nb 

Ta 

M(0)-M(V) 

2M + 5H,0 M,0» + 10H+ -|- lOe" 




M(0)-M(III) 

M M+* -j- 3e- 


ca. 1.1 


M(0)-M(II) 

M M+* -1- 2«- 

ca. 1.6 



M(II)-M(III) 

M-*-* ^ M+* + e- 

0.20 



M(in)-M{IV) 

+ H,0 ^ MO** -1- 2H* + e- 

-0.314 



MaV)-M(V) 

MO** + 3H,0 ^ M(0H)4* -I- 2H* -f «- 

-1.00 




The metals are somewhat less reactive than the Group IVa metals, 
but they do react at elevated temperatures with the halogens, oxygen, 
sulfur, nitrogen, carbon, etc. A variety of products is formed. 
Vanadium dissolves in nitric acid. The others are resistant to all 
acids except to mixtures of nitric and hydrofluoric acids. Oxidation 
potentials characteristic of the metals and various ionic species are 
summarized in Table 20-7. Tantalum is well known in only the +5 
state. Niobium forms well-characterized compounds in the +3^ state 
as well. For vanadium, a number of oxidation states are kno^vn, the 
most important species being V+* (vanadous), V+* (vanadic), VO'*’* 
(vanadyl), VO'*'* or V(OH) 4 ’^ (pervanadyl), and VOr (metavanadate). 
The lower oxidation states of vanadium are strongly reducing, the 
higher moderately oxidizing (Table 20.7). Niobium(III) is reducing. 
In the +5 state, all three elements are readily hydrolyzed and readily 

* K. Rose: MaUrials and Methods, October 1947. 

C. \V. Balke: Chemistry and Industry, 1948, 83. 

“ Anon.: J. Chem. Education, 27, 24 (1950). 
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Periodic Grotip Via (Cr, Afo, IT) 

converted into anionic species. The vanadates are somewhat similar 
to the phosphates (pp. G44-654). In addition to .simple ortho- *and 
meta-vanadates, a simple pyrovanadate (VjOy”*) and a variety of 
more complex isopoly-and heteropoly-vanadates (pp. 273-277) can be 
distinguished. A number of similarities between tantalum and prot¬ 
actinium chemistries are known. 

Pure elemental vanadium is seldom prepared, ferrovanudium as 
obtained by the reduction of mixed iron and vanadium oxides being 
suited to the needs of the steel industry. Reduction of vanadium(^■) 
oxide with calcium in the presence of iodine yields the ductile metal in a 
high state of purity.** Tantalum is obtained in powder form by 
electrolysis of the fused double fluoride, Kitl'aFy]. Niobium is 
obtained similarly or by reaction of the pentapositive oxide with the 
carbide at elevated temperatures. The powdered metals are com¬ 
pacted by sintering and rendered ductile by working in racno. 

Periodic Group Via (Cr, Afo, W) 

Except for chromium, these elements are not particularly abundant 
(Cr, 0.02%: Mo, ca. 10“* to 10”*%: W, ca. lO"’ to 10"'% of the igneous 
rocks of the earth). Chromium is generally regarded as a familiar 
element and the others as unfamiliar, although it must be admitted 
that both molybdenum and tungsten are very widely used as such as 
alloying elements in the steel industry to impart hardness and tough¬ 
ness and that tungsten is used in sizable quantities for filaments in the 
electronics industry. These uses, together with those of a number of 
compounds, combine to make total production of molybdenum and 
tungsten materials very large. Yet the fundamental chemistries of 
their compounds still remain distinctly unfamiliar. The widespread 
use of chromium as a decorative and protective metal, in alloys, and 
as compounds is well known. Chromium-containing steels are impor¬ 
tant because of their hardness and resistance to corrosion. 

The metals are stable in air at ordinary temperatures but react with 
oxygen at elevated temperatures. Reactions with the halogens, 
carbon, sulfur, boron, etc., also take place at elevated temperatures. 
Chromium is oxidized by hydronium ion, but molybdenum and tung¬ 
sten are not. Nitric acid dissolves chromium but converts the other 
two metals to oxides of the type MO|. Chromium becomes passive 
in contact with concentrated nitric acid and other strong oxidizing 
agents. The reaction products of the various elements differ widely 
and are difficult to systematize. Important oxidation potential data 
are summarized in Table 20-8. Because of the widely different half- 

“ R. K. McKechnie and A. U. Scybolt: J. EUclrochcm. Soc., 97, 311 (1950). 
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reactions involved, potentials are given by elements rather than by 
type reactions. Many of the values for molybdenum and tungsten 
couples are provisional only. Ionic species of importance are Cr'*'*, 
Cr+3, CriO:,-®, CrOr*, Mo+“, M 0 O 2 +, M 0 O 4 -®, and WOr^. In addi¬ 
tion, many complex ions derived in particular from chroraium(III), 
molybdenum{II, III, IV, V), and tungsten(II, III, IV, V) are kno^vn. 


TABLE 20 8 

OxtDATioN Potentials Characteristic of Group VIa Ei-ements 
Couple Equation volts 

Cr(0)-Cr(II) Cr ^ Cr-^*-H 2e- 0.86 


Cr(0)-Cr(ni) 

Ct^ 
Cr + 30H-^ 

Cr(Il)-Cr(III) 


Cr(III)-Cr(VI) 

2Cr+' -1- 7H,0 ^ 
O(0H), -f- 50H-^ 

Mo(0)-Mo(III) 

Mo^ 

Mo(0)-Mo(VI) 

Mo -1- 3H,0 ^ 
Mo -I- 80H- ^ 

Mo(III)-Mo(V) 

Mo-*-* + 2H,0 ^ 

Mo(V)-Mo(VI) 

MoO,-*- -f- 2H,0 

W(0)-W(IV) 

W + 2H,0 

W(0)-W(VI) 

W -1- 80H- 

W(IV)-W(V) 

2WO, + H,0 

W{V)-W(V1) 

W,0» + H,0 


Cr-^* + 3e- 0.71 

Cr(OH), + 3e- 1.3 

Cr-*-*+e" 0.41 

Cr,Or* + 14H*-H 6 e- -1,36 

CrOr* + 4HiO + 3c- 0,12 

Mo+* + 3«- ca. 0,2 

MoOi + 6 H-^ + 6 «- -0.1 

MoO«-* + 4H,0 + 6 e- 0.97 

MoO,++ 4H-" + 2e- ca.0.0 

H,MoO,(aq) + 2H* c” ca. -0.4 

WO, + 4H++ 4e- 0.05 

WO 4 -* -|-4H,0 + 6 e- ca. l.l 

W,0» +2H+ +2c- ca.0.0 

2WO,+ 2H++2C- -0.15 


Chromiura(II) or chromous compounds are somewhat similar to 
iron(II) compounds but are more strongly reducing. Chromium(n) 
ion can be prepared in acid solution either by direct action of acid 
{e.g., hydrochloric) on the metal or by zinc reduction of chromium(III), 
but it is readily oxidized either by hydrogen ion or atmospheric 
oxygen. Such solutions are excellent for quantitative removal of 
oxygen from gas mixtures. Solid chromium(II) compounds oxidize 
in moist air and should be preserved under nitrogen or in vacuo. 
Chromium(II) acetate is more readily prepared than most other 

chromium(ll) compounds because of its water insolubility.Itisa 

red crystalline compound useful as a reducing agent. Chromium(II) 
ion is basic, only slightly hydrolyzed, and not readily 
Chromium(III) or chromic compounds resemble those of ironflll) bu( 
are less strongly o.xidizing and more readily oxidized. This is the 
most generally stable oxidation state of chromium in aqueous solution. 


1 * J. H. Balthis and J. C. Bailar, Jr.: Inorganic Syntheses, Vol. I, p. 122. Mc- 

Jraw-Hill Book Co., New York (1939). 

M. R. Hatfield: /norfffinw-Sj/niAcK*, Vol. Ill, p. 148. McGraw-Hill 

lew York (1050). 
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Chromiura(III) ion is readily complexed, and the simple aquated ion 
presumably can exist only in contact with a limited number of anions 
(e.g.. NOr, ClOr). In the absence of strongly coraplexing groups, 
chromium(III) is amphoteric toward hydroxyl ion and is strongly 
hydro'.yzed. Chromium(VI) is most commonly encountered as 
chromate (CrO*-^) or dichromate (CrjO?"’). The anionic aggregation 
responsible for conversion of chromate to dichromate on addition of 
acid is continued in the further conversion to trichromate (CrjOia“*) 
at extremely high acidities (p. 273). Stable dichromates are known 
for the alkali metals and ammonium, but the heavy metals yield 
chromates preferentially. These are commonly insoluble. Free 
chromic acid is unknown. The acid chlorides, CrOjClj (chromyl 
chloride), and CrOjCl" (chlorochromate) ion, are readily prepared but 
undergo rapid hydrolysis to chromate. Chromium(VD is strongly 
oxidizing in acidic solution, the potential being markedly dependent 
upon the proton concentration (Table 20-8), but only weakly oxidizing 
in alkaline media. Conversion of chromium(III) to chromium(VI) 
is readily effected (e.g., by peroxides) in alkaline solution or by fusion 
under alkaline conditions (e.g., by nitrates or chlorates or even atmos¬ 
pheric oxygen). Peroxy chromium compounds are de-scribed in 
Chapter 14 (pp. 508, 514), and a number of chromium(II) complexes 
are discussed in Chapter 7. 

The lower oxidation states of both molybdenum and tungsten are 
quite generally reducing in character and undergo fairly ready con¬ 
version to the +6 state. For molybdenum, the uncomplexed tri¬ 
positive ion appears to be capable of existence in aqueous solution. 
However, all the lower oxidation states of both elements are best 
characterized in various complex ions and compounds. Information 
on these materials is at best incomplete and requires considerable 
systematization. Molybdenum(VI) and tungsten(\T) are the most 
stable and best-characterized oxidation states. The simple molyb¬ 
dates and tungstates resemble the chromates in solubilities, but the 
chemistry of this oxidation state is more complicated by isopoly and 
heteropoly anion formation (pp. 273-277). Reduction of molybdates 
and tungstates is markedly different from reduction of chromates. A 
variety of reducing agents (including molybdenum(III)] convert 
molybdates into colloidal molybdenum blues, the compositions of which 
approach MosOjj-xHjO.'* Comparable tungsten blues are obtained by 
reduction of tungstates in aqueous solution. At elevated tempera¬ 
tures, however, alkali and alkaline earth metal tungstates are reduced 

» F. B. Schirmer, L. F. Audrieth. S. T. Gross, D. S, McQeUan, and L. J. Seppi: 
J. Am. Chem. Soc., $4, 2543 (1942). 
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by hydrogen, zinc, electrolysis, etc., to metallic appearing, highly 
colored, conducting solids called tungsten bronzes (p. 225). These 
compounds have compositions approaching M.'WOj {x < 1) and 
apparently have defect structures (pp. 224-225) in which omission of 
sodium ions is compensated for by oxidation of equivalent quantities 
of tungsten(V) to tungsten(VI). Their colors are apparently due to 
the presence of two oxidation states and their metallic conductivities 
to statistical distribution of the extra valency electron in tungsten(V) 
throughout the lattice. Further information on these materials is 
given in several papers. 

Elemental chromium is obtained by aluminothermic reduction of 
the tripositive oxide or by electrodeposition from acidified chro- 
mium(\T) solutions. For use in the steel industry, it is obtained as 
ferrochrome by direct carbon reduction of the mineral chromite, 
FefCrOj)?. Molybdenum and tungsten are obtained as powders by 
hydrogen reduction of the -|-6 oxides, MOs. The powders are com¬ 
pacted by pressure and sintering and cold-worked to give the ductile 
metals. 


Periodic Croup Vila {Wn, Tc, Re) 


Manganese is abundant (0.1% of the igneous rocks of the earth), 
rhenium is exceedingly rare (10“’% of the igneous rocks of the earth), 
and technetium apparently does not occur in nature (p. 26). Manga¬ 
nese is of technical importance both as the metal and in the form of 
its compounds (especially the dioxide). Manganese is indispensable to 
the steel industry because of its excellent scavenging and toughening 
characteristics. Rhenium has few, if any, technical applications. 
Technetium was first characterized in the decay products resulting 
from the bombardment of molybdenum with neutrons or deuterons 
(p. 77).’®' It is also an important product of the fission of uranium- 

235. Only manganese is a familiar element. 

Elemental manganese is a rather powerful reducing agent and is 
oxidized by hydrogen ion, water, the halogens, sulfur, etc. to the 
dipositive state. Oxygen yields the salt-like oxide MniO^; carbon 
gives the carbide MnjC; and nitrogen yields a nitride MnsN|. Khe- 
nium is much less electropositive and is attacked only by rather power- 


»• M. E. Straumanis: J. Am. Chem. Soe., 71. 679 (1949). 

» M. E. Straumania and A. Dravnieks: J. Am.Chem. ^ 71, ^ ( • 

» P.M.Stubbin and D.P.Mcllor:y.Proc./Joy. Soc.^. 5. ITolej. W, ( 

i.E. 0. Brimm, J. C. Brantley, J. H. Lorenz, and M. H. Jell.nek. J. Am. 

""'Tc.trril^atd'R 6. 712 (1937); 7. 155 (1939). 

« J. C. Hackney: J. Chem. Education, 28, 186 (1951). 
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ful oxidizing agents or at more elevated temperatures to give most com¬ 
monly -}-4 and -\-7 compounds. In general characteristics, rhenium 
metal is much more like tungsten and the platinum metals than like 
manganese. Technetium presumably occupies an intermediate posi¬ 
tion. Important potentials characteristic of the free elements and 
their comp< jnds are summarized in Table 20-9. Most important of 
the oxidation states are manganese(II, IV, VII) and rhenium(IV, 
VI, VII). 

TABLE 20 9 


OXIDATIOK PoTENTIAI4» ClIARACTBRISTICS OF GrODP VIIa Ei.EMEKTS 


Couple 

Equation 

volts 

Mn(0)-Mn(II) 

Mn Mn** + 2<' 

1.05 


Mn + 20H- Mn(On)i + 2e- 

1.47 

Mn(II)-Mn(I!I) 

Mn-*-* ^ Mn-"»-h <- 

-1.61 


Mn(OH), + OH- Mn{OH), e" 

0.4 

Mn(II)-Mn(IV) 

Mn^ -1- 2H,0 MnO, -1- 4H* + 2e- 

-1.28 

Mn(II)-Mn(VII) 

Mn-^* + 4H,0 ^ MnOr + 8H+ + Se" 

-1.52 

Mn(III)-Mn(IV) 

Mn** + 2H,0 ;:± MnO, + 4H+ -|- e" 

-1.1 


Mn(OH), + OH' MnO, -I- 2H,0 + e" 

-0.5 

Mn(IV)-Mn(VI) 

MnO, + 2H,0 MnOr* + 4H+ + 2e' 

-2.23 


MnO, + 40H- MnOr* + 2H,0 + 2<- 

-0.58 

Mn(IV)-Mn(VII) 

MnO, + 2H,0 MnOr + 4H* + 3*“ 

-1.67 


MnO, + 40H- ^ MnOr + 2H,0 + Ze- 

-0.57 

Mn(VI)-Mn(VII) 

MnOr* ^ MnOr + <“ 

-0.54 

Ue(0)-Re(IV) 

Ra + 2H,0 ^ ReO, + 4H+ + 4«- 

ca. 0.0 


Re + 40H- ^ ReO, -1- 2H,0 + 4e- 

ca. 0.8 


Re -1- ea- (ReCl,)-» + 4e- 

ca. 0.1 

Re(0)-Re(VII) 

Re + 4H,0 ReOr + 8H+ + 7e' 

-0.15 


Re 4- 80H- — ReOr + 411,0 + Te' 

0.81 

Re(IV)-Re(VIl) 

ReO, + 2H,0 ReOr + 4H* + 3e* 

ca. -0.3 


Manganese(II) or manganous compounds are rather strongly basic 
and resemble the corresponding chromium(II) and ironfll) compounds 
as to solubilities and crystal structures but are less ea^y oxidized in 
either acidic or alkaline medium. Oxidation in acidic solution gives 
manganese(IV) (as MnOi) preferentially, although strong oxidants 
[e.g., lead(IV) oade, bismuthatefV)] give manganeseCVH) (as MnOr). 
In alkaline medium, however, tripositive manganese is obtained even 
by atmospheric oxidation. More powerful oxidants (e.g., peroxide) 
then give manganese(IV). Manganese(III) or manganic ion is 
unstable in aqueous solution with respect to the disproportionation 

2Mn+* -H 2H,0 MnO, -f Mn+* + 4H+ 

but the “hydroxide” (often given as MnOOH) is stable. Tripositive 
manganese is also stabilized as the insoluble orthophosphate or the 
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cyano complex, [Mn(CN)8]“’ (p. 301) and to a somewhat lesser extent 
as an alum (p. 540). Oxidation of manganesefll) in concentrated 
hydrochloric acid apparently gives a colored manganese(III) chloro 
complex of indeterminate composition.** 

Manganose(IV) is usually encountered as the dioxide, formed either 
by oxidation of manganese(II) in acidic (e.g., with chlorate) or alka¬ 
line (e.g., with peroxide) medium or by reduction of manganese(VII) 
in alkaline medium (e.g., with tin(II)). It is a powerful oxidant in its 
own right and is readily reduced to manganese(II). No manga- 
nese(IV) salts have been characterized, but the somewhat acidic char¬ 
acter of the dio.xide is shown by the existence of compounds such as 
CaMnOj, the manganites. Manganese(VI), or manganate, resembles 
chromate (CrO*-*) and ferrate (FeOr*) in the solubilities of its com¬ 
pounds, but is intermediate in stability. Mangane8e(VI) undergoes, 
disproportionation in terms of the equilibrium 

3MnOr* + 2 H 3 O 2MnOr + MnOi + 40H- 


The reaction is favored by acids (even carbon dioxide). As a conse¬ 
quence, manganesc(VI) is stable only in strongly alkaline solutions or 
in difficultly soluble compounds such as the barium salt. Manga- 
nese(VI) compounds are usually obtained by fusion of the dioxide 
with an alkali such as sodium carbonate and an oxidizing agent such 
as a chlorate. The ion MnO*"* is bright green in color. 

Manganese(VII) is best kno^vn as the ion Mn 04 " (permanganate), 
an intensely purple-colored species. The free acid is known only in 
solution, and the properties of aqueous solutions of its salts indicate 
it to be very strong. In solubilities and crystal structures, the per¬ 
manganates are closely comparable to the perchlorates (pp. 442-443). 
Manganese(VII) is one of our best-characterized strong oxidants m 
acidic solution, and as such it can be formed from manganese(II or IV) 
compounds only by very powerful oxidants (see above). Its oxidizmg 
power in alkaline solutions is materially reduced. Most rcductants 
convert manganese(VII) to the dipositive state in acidic solutiom 
In strongly acidic solution, water is slowly oxidized ^vlth evolution ol 


^^Th^e lower oxidation states of rhenium remain poorly characterized 
although studies have provided potentially useful data for their 

systematization.**-** Most intriguing is the -1 state ^ 

ently resul'ts when rhenium(VII) is reduced by zme in sulfunc acia 

« J. A. Ibere and N. Davidson: J. Am. Ckem. Soc., 73, 4744 (1960). 

» J. J. Lingane: J. Am. Ckem. Soe., 64, 1001, 2182 

** E. K. Maun and X. Davidson: J. Am. Ckem. Soc., 73, 2254, 3509 ( 
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solution^ but which remains essentially uncharacterized. Rhe- 
nium(IV) is kno\vn in such compounds as oxide, sulfide, halides, and 
halocomplexes, [ReX#]"*. It differs from manganese(IV) in being a 
mildly reducing state rather than oxidizing and is quite stable. Rhe- 
nium(VI) is known as a stable oxide and as salts containing the ion 
ReOr*. Rhenium(VII) is the commonest and most stable oxidation 
state. The oxide, RciOt, is stable, unlike the highly explosive manga¬ 
nese analog. The acid, HReOi, cannot be isolated as such but is 
apparently strong. Its salts, the perrhenates, are comparable to 
permanganates and perchlorates in general properties, but the per- 
rhenate ion is a very weak oxidizing agent. Unlike the permanganate, 
it is colorless. Rhenium compounds undergo disproportionation very 
readily. Technetium compounds appear to be somewhat closer in 
properties to rhenium compounds than to manganese compounds. 

Pure elemental manganese is obtained by aluminothermic reduction 
of the salt-like oxide MnjOi or by electrodeposition from a manga- 
nese(II) sulfate solution. Rhenium is obtained in powder form by 
hydrogen reduction of various oxygenated compounds. The ductile 
metal is prepared by powder metallurgical procedures. 

Periodic Croup Vlli 

Periodic Group VIII consists of three triads of metals, members of 
the first triad being referred to as the ferrous metals and those of the 
other two collectively as the platinum metals. Resemblances between 
the ferrous and platinum metals are slight. Resemblances among 
the ferrous metals and among the platinum metals are much more 
pronounced. 

The Ferrous Metals (Fe, Co, Ni). The abundances of these metals 
in the igneous rocks of the earth are Fe, 5.0%; Co, 2.3 X 10“*%; and 
Ni, 8.0 X 10“*%. It appears, however, that the core of the earth is 
largely iron together with a considerable quantity of nickel. Iron is 
in all probability, therefore, the most abundant element. Ma.\imum 
abundance in this region is expected in terms of nuclear stabilities (pp. 
38, Gl). Although cobalt is the rarest of the three, desirable prop¬ 
erties of both the element and its alloys, existence of concentrated and 
accessible natural deposits, and long-standing interest in its coordina- 
ion compounds have combined to render its chemistry comparatively 
familiar. 

Iron, cobalt, and nickel are all moderately strong reducing agents. 
They are converted by hydrogen ion to the dipositive ions. Stronger 

»‘G. E. F. Lundell and H. B. Knowles: J. Research Nad. Bur. Standards 18. 
fi29 (1937). 
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oxidizing agents (e.g., oxygen, the halogens except iodine, nitric acid) 
^ve the tnpositive state \vith iron, but with the other two the diposi- 
tive state results. Cobalt does give a mixed oxide, CojO*, with oxygen 
and a higher fluoride, CoF., with fluorine, but these are isolated reac¬ 
tions. The metals, particularly iron, become passive in contact with 
strong oxidizing agents (e.g., concentrated nitric acid, dichromates). 
The most important oxidation states are iron(II, III), cobalt(II, III), 
and nickel(II). Other oxidation states are rare. Important oxida¬ 
tion polentials characteristic of the elements and their compounds are 
given in Table 20T0. Additional values illustrating the stabilization 
of various oxidation states are given in Table 8*4. 


TABLE 2010 

Oxidation Potentials Characteristic of the Ferrous Metals 


Couple 

EquatioQ 

volte 

Fe 

Co 

Ni 

M(0)-M(n) 

M M*» + 24 - 

0.440 

0 277 

0.250 


M +20H-^M{0H)j + 2«- 


0.73 

1 

M(11)~M(I1I) 

MM — + 


-1.82 



M(OH)i + OH- ^ NKOHli + $- 


-0.2 


MdD-MdV) 

M*» + 2HtO ^ MOi + 4H* + 2«- 



-1.75 


M{OH)t + 20H' ^ MO* + 2HiO + 2 *- 



-0.49 

Mdr)-M(VI) 

M ♦» + 4HiO ^ MO«-‘ + 8H* + 4#- 



< -1.8 

MdID-MdV) 

M** + 2HK) — MO, + 4H* + •- 


< -1.8 


Mdll)-M(Vl) 

M** + 4H,O^MO«-* + 8H* + $ 4 ’ 

< -1.9 




M(OH)i + SOH-^MOr* + 4U,0 + 3#- 





Compounds of the dipositive elements resemble those of chro- 
mium(II) and manganese(II) but are somewhat less basic and more 
strongly hydrolyzed because of smaller cation radii. Resemblances 
between cobalt(II) and nickel(II) are so close as to render difficult 
separation of these species. The dipositive ions form a variety of 
complex species, many of which have been discussed in Part I of this 
book (e.g.. Chapter 7). 

From oxidation potential data (Table 2010), it is apparent that 
these ions resist oxidation in acidic solutions, but are reasonably 
readily oxidized in neutral or alkaline^edia. In the presence of many 
complexing groups, cobalt(II) is very readily oxidized (pp. 301-302). 
A simple (i.e., aquated) tripositive ion is characteristic only of iron. 
Iron(III) or ferric compounds resemble those of chromium(III), 
vanadium(III), and aluminum(III) quite closely. Decreased basicity, 
increased hydrolysis, and increased covalence characterize the transi- 
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tion from iron(II) to iron(III). Many compounds containing the 
FeOr group, i.e., the ferrites, have been prepared. Those denved 
from a number of dipositive elements, M"(FeOi)*, are isomorphous 
with corresponding chromites and aluminates and are spinels (pp. 756- 
757 ). The magnetic oxide, Fei 04 , is an iron(II) ferrite, Fe(FeOs)i. 
The chemistry of cobalt(III) is almost entirely that of its complexes. 

Cobalt(IV) is poorly characterized, but there are evidences for its 
existence in certain coordination compounds and in an unstable oxide. 
Nickel(IV) is well known as the oxide, a compound which has been 
employed for many years as the oxidizing agent in the alkaline Edison 
storage cell. The tetrapositive materials are strongly oxidizing, and 
no simple +4 ions are known. The +6 state of ondation is well 
characterized only in the ferrates, FeOr’, the corresponding nickel 
compounds being but little known. The ferrates are comparable to 
the chromates and manganates in solubilities and the permanganates 
in color. Iron(VI) is strongly oxidizing, particularly in acidic solu¬ 
tion, and has been suggested as an analytical oxidizing agent.** Fer¬ 
rates are commonly obtained by hypochlorite oxidation of iron(III) 
in alkaline solution. A convenient procedure for preparation of the 
potassium salt involves oxidation of iron(III) hydroxide with hypo¬ 
chlorite in concentrated sodium hydroxide solution as 

2FeCOH)i + 3C10- -|- 40H- -» 2FeOr’ + SCI' + 5H,0 

followed by removal of insoluble sodium chloride and ultimate precipi¬ 
tation with potassium hydroxide.*** ** The washed and dried salt is 
said to be stable. Its eHective magnetic moment of 3.06 ± 0.02 Bohr 
magnetons, as compared with a theoretical value of 2.83, indicates the 
presence of two unpaired 3d electrons in the FeO^"* ion.** The barium 
salt is stable also, presumably because of its low solubility. 

Iron is obtained technically by carbon monoxide reduction of the 
oxides by the blast furnace technique. Iron free from carbon is 
exceedingly difficult to prepare. High purity products are obtained 
by hydrogen reduction of the oxides, thermal decomposition of the 
pentacarbonyl, or electrodepo^tion. The presence of even minute 
quantities of carbon markedly alters the properties of the product. 
A comprehenaiye discussion of the iron-carbon system and of iron 
products and steels is beyond the scope of this volume. Cobalt and 

*• J. M. Schreyer, G. W. Thompson, and L. T. Ockerman: Anal. Chem., 2S, 691 
(I960). 

J. Hrostowski and A. B. Scott: J. Chtm. Phyt., 16,106 (1950). 

**0. W. Thompson, L. T. Ockennan, and J. M. Schreyer: J. Am, Chem. Soe., 
78,1379 (1951). 
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nickel are obtained by carbon reduction of their oxides, separation of 
the two metals being effected through volatilization of nickel as the 
tetracarbonyl (pp. 700, 711). Because of the complexities of most 
cobalt and nickel ores, recovery processes are involved and costly. 

The Platinum Metals (Ru, Rh, Pd and Os, Ir, Pt). The platinum 
metals are all quite rare (Ru, present; Rh, 10-'%; Pd, 10"'%; Os, 
present %; Ir, 10“'%; Pt, 5 X 10-'% of the igneous rocks of the 
earth). However, a number of comparatively concentrated deposits 
both of the native metals and of the few known naturally occurring 
compounds exist in the Ural Mountains, Colombia, Ontario, Transvaal, 
etc. The metals all occur together but in varying quantities, depend¬ 
ing upon the mineral source. Thus native platinum is largely platinum 
with small quantities of the others, whereas osmiridium is largely 
osmium and iridium, and platiniridium is chiefly platinum and iridium. 
The permanency and decorative appearance of the metals and their 
excellent catalytic properties have made the platinum metals articles 
of commerce, although prices are necessarily high. 

The commonly considered distinguishing characteristic of the 
platinum metals is their nobility. In this respect they are often 
compared with gold. Ih terms of the Born-Haber treatment (pp. 
184-186), this nobility must be due in large measure to high melting 
and boiling points and resultant high sublimation energies. Passivity 
is also an important factor. Although noble to a degree exceeding 
any other family of elements, the platinum metals differ markedly 
from each other in their resistance to attack by various reagents. 
Thus platinum, osmium, and palladium are soluble in aqua regia, but 
the others resist its attack. Palladium dissolves in nitric acid, but the 
others do not. Osmium and ruthenium give compounds Mi'Os 04 and 
Mj'RuO* when fused with alkali and an oxidant, but the others are 
unreactive. Platinum shows no reaction with oxygen, but iridium 


and palladium give oxides at red heat, and osmium and ruthenium 
form the volatile MO< type oxides. A few important oxidation poten¬ 
tials are summarized in Table 2011. Many of these values are pro¬ 
visional only. Oxidation states of particular importance are ruth^ 
nium(III, IV, VI. VIII), rhodium(III), palladium(II, IV), osmium(IIl, 
IV, VI, VIII), iridium(III, IV), and platinum(ll, IV). 

The characteristics of the various oxidation states of the platinum 
metals are difficult to systematize, and a comprehensive discussion 
of them is beyond the scope of this treatment. Few compounds con¬ 
taining uncomplexed species are known, the only real exceptions being 
oxides sulfidee, and a few halides and sulfatea. Distinct parallda 
may be drawn among the complexes of iron, ruthenium, and oamium. 
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TABLE 2011 

OxiPATios Potentials Characteristic of the Platinum Metals 


Couple 

Equation 

Eltt, volts 

Ru(0)-Ru(III} 

Ru + sa- ^ (RuCU)'* + 3«- 

ca. —0.4 

Ru(0)-Ru(IV) 

Ru + 5a- + H,0 lRua*(OH)l-* + + 4f- ( 

ca. —0.6 

Ru(0)-Ru(Vin) 

Ru + 80H- ^ RuO« + 4H,0 + 8<- 

-0.3 

03(O)-0s(VIII) 

Os + 4H,0 OsO. + 8H* -f Si- 

-0.85 

Os + 90H- ;=i HOsOr + 4H,0 + Si" 

-0 02 

Os(IV)-Os(VIII) 

OsOi + 50H- HOsOr + 2H,0 + 4e- 

-0.2 

Rh(O)-Rhai) 

Rh ^ Rh+* + 2«- 

ca. —0.6 

Rh(0)-Rh(III) 

Rh Rh+» + 3e- 

ca. —0.7 

RhdID-RhaV) 

Rh+* + HiO ^ RhO^ + 2H-^ + f 

-1.40 


Rh,0, + 20H- 2RhO, + H,0 + 2«- 

> -0.9 


(Rha.|-» + 2H,0 RhO» + 4H+ + OQ" + e" 

< -1.4 

Rh(lV)-Rh(VI) 

RhO+* + 3H,0 ^ Rh04-» + 6H+ + 2«- 

-1.46 


RhOt + 40H- ^ RhOr* + 2H,0 + 2e- 

> -0 9 

Ir(OHr(I!I) 

Ir ^ Ir+' + 3e- 

ca. —1.0 


2Ir + 60H- Ir,Oi + 3H,0 + Oe" 

-O.l 


ir + ea-:= lira.)-* +3«- 

-0.72 

Ir(III)-Ir(IV) 

Ir+» 4* 2H»0 IrOi + 4H+ + <- 

ca. -0.7 

1 

Ir,Oi + 20H- 2IrO, + HtO + 2e- 

-0.1 


(Ira.)-* ^ [IrGil-* + e- 

-1.021 

Ir(IV)-Ir(VI) 

IrOi 4- 40H- IrOr* 4* 2HiO 4- 2«- 

> -0.4 

Pd(O)-Pdai) 

Pd ^ Pd+* 4- 2«- 

-0.83 


Pd 4- 20H- ^ Pd(OH), 4- 2e- 

-0.1 


Pd 4- 4a- (Pdad-^ 4* 2«- 

-0.64 

Pd(II)-Pd(IV) 

Pd+* Pd+« 4- 2«- 

< -1.6 


Pd(OH), 4- 20H- Pd(OH)4 4- 2e- 

ca. —0.8 


iPda4i-» 4- 2a- ;=± (Pda.)-* 4- 2«- 

-1.288 

Pt(0)-Pt(II) 

Pt ;=± Pt+» 4- 2<- 

ca. -1.2 


Pt 4- 20H- ^ Pt(OH)i 4- 2<- 

-0.16 


Pt 4- S-* rt PtS 4- 2«- 

0.83 


Pt 4- 40-?:^ |pta4i-* + 2<- 

-0.73 


Pt 4- 4Br- (PtBr*)-* 4- 2«- 

-0.68 

ptai>-pt(iv) 

Pt(OH),^ PtO, 4- 2H+ 4- 2e- 

ca. —1.1 


Pt(OH), 4- 40H- lPt(OH)*J-* + 2«- 

-Olio 

-0.4 


ipta.i"* 4- 2a- ^ iptai]-* 4 - 2e- 

-0.72 


[PtBrd-* 4- 2Br- (PtBr.)-* 4- 2«- 

-0.63 


PtS 4- S-* PtS, 4- 2e- 

0.64 
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of cobalt, rhodium, and iridium, and of nickel, palladium, and plati¬ 
num; but complications are introduced by the muItipUcity of oxidation 
states among the platinum metal derivatives. Delayed effects of the 
lanthanide contraction are also apparent. Material presented in 
earlier sections on coordination compounds in general (pp. 227-270) 
on polynuclear halides (pp. 272-273), on nitrosyls (pp. 598-604), and 
on carbonyls (pp. 700-717) should be reviewed in this connection. 
In general, reduction of any oxidation state to the free metal is rather 
readily effected. 

Preparation of an individual platinum metal from its purified com¬ 
pounds is easily accomplished, often by heat alone. However, separa- 
.tion of the various metals from each other is complicated by marked 
similarities in the reactions of either the metals or their compounds 
and is, therefore, tedious and involved.”- ” No details can be given 
here. 
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The Inner Transition Elements 

The two inner transition series arise, respectively, because of prefer¬ 
ential filling of the 4/ and 5/ orbitals (pp. 103-106). Although it is 
quite generally agreed that the first 4/ electron appears wth cerium 
(Z = 58),‘ it is not known with certainty that 5/ electrons appear 
before uranium (Z = 92). That they are present in uranium and in 
the transuranium elements is undeniable, and it is well established that 
the characteristics of the elements in the transuranic region are remark¬ 
ably like those of elements in the Z = 57-71 region of the periodic 
system as a consequence of basic similarities in electronic arrange¬ 
ments. Although there are many undeniable similarities between the 
transuranium elements on the one hand and those which immediately 
precede uranium in atomic number (i.e., Ac, Th, Pa) on the other 
hand, there are also many instances of dissimilarity and many instances 
of close resemblance of these latter elements to lanthanum, hafnium, 
and tantalum, respectively.* It is debatable, therefore, whether one 
can consider the second inner transition series to be the exact analog of 
the first. However, there are many points of close resemblance. 

Classically, the first inner transition series is called the rare earth 
series, probably because compounds of the elements which make it up 
were separated from two rare and complex oxide (earth) mixtures, 
yttria and ceria, which were first isolated around 1800. Although not 
real members of the series by strict electronic definition (p. 104), 
lanthanum and lutetium are so similar in properties as to be given 
membership in common parlance. They are so considered here. 
Yttrium is also included as a member of this series, not because of 
electronic similarities, but rather because lanthanide contraction 
effects render yttrium very similar to the heaviest members of the 
series (p. 151). Modem terminology refers to this series as the 
lanthanide series and to the individual members as lanthanide elements 
or lanihanone.* By analogy, the second inner transition series is then 

* W. F. Meggara: Science, 106, 514 (1947). 

* M. Halasinsky; J. Chem. Soc., 1949 (Supp. Issue No. 2), S241. 

* J. K. Marsh: Qiwirt. Reva., 1, 126 (1947). 
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the actinide series,* although in view of the dissimilarities pointed out 
above, some would prefer to ignore a direct periodic system analogy 
and call the series a uranide series.^ This is an academic question. 
In this discussion, actinium and the heavier elements are included. 

It is interesting that, although the chemistry of uranium had been 
quite thoroughly understood for many years, its recognition as an 
essentially “rare earth-like” element came only after elucidation of 
the characteristics of the transuranium elements. Even taking into 
account the differences mentioned above, there are many points of 
similarity between the chemistries of the heaviest elements and those 
of the rare earth elements.® As a key to an understanding of the 
chemistries of these synthetic elements, prior information on the rare 
earth elements, as accumulated over a period of many years and often 
as a result of exceedingly painstaking work, was invaluable. 

The members of the inner transition series are quite generally rare 
and, with a few notable exceptions (e.g., La, Ce, Nd, Th, U, Pu), of 
somewhat limited technical use. It must be pointed out, however, 
that many of the members of the rare earth series are sufficiently 
abundant (Table 2T) to permit production in technical quantities 
should important uses be developed. As a family, the rare earth 
metals account for some 1.0 X 10"*% of the igneous rocks of the crust 
of the earth. It is beyond the scope of this book to discuss all these 
elements comprehensively. No attempt is made, therefore, to give 
more than the overall discussion essential to an understanding of their 
place in the family of elements as a whole. Supplemental information 
is to be found in the general references cited at the end of this chapter 
(p. 910). Because the sum total of information is greater for the 
first series and because characteristics dependent upon the presence 
of / electrons are perhaps better defined in this series, major emphasis 
is placed upon the rare earth elements. Analogies and differences 
between the series are mentioned in turn. Prior review of sections 
dealing with electronic configurations (pp. 103-106), the lanthanide 
and actinide contractions (pp. 146-151), and magnetic behavior (pp. 
168-170) is recommended as is reference to the general characteristics 
of the transition metals as a whole as described in Chapter 20. 


PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE 

elements 


Numerical Constanta, insofar as they arc known arc 
for the lanthanide and the actinide elements m Table 21 I a 


*G. T. Seaborg Chem. Eng. News, 23, 2190 (1945). 
»G. T. Seaborg: NufUonics, 6 (No. 5), 16 (1949). 
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TABLE 211 

Nttmerical Properties of Yttrium and the Lanthanide Elements 


Symbol 


L\i 


* Rough ygluM ouly. 
t Mogt liable boiope. 

t Cubic elooe packed lattice; othera hcxago&al cloac packed* 


k>iDlc 

imber 

Outer 
Electron 
Confiffu ration 

Atomic 

Weight 

Detuity of 
Bolid at 
20^C. 
grami/cc. 

Melting 

Point. 

•c. 

loniiaiion 

Potential, 

CT 

Bm for 
M J 

TolU* 

39 

4d^5t* 

88.92 

4.S4 

1450-1500 

0.6 

2.1 

57 

5d>6tt 

138.92 

6.104 

885 

6.61 

2.37 

58 

4/>6i* 

140.13 

6.78 

815 

(0.91) 

2.8 

69 


< 140.92 

6.776 

932 

(6.76) 

2.2 

60 


144.27 

7.004 

840 

(6 31) 

2.2 

61 


(I47)t 





62 

ir6«» 

160.49 

6.93 

1350 

6.6 

2.2 

63 

4/'6i< 

152.0 

6.244t 

1100-1200 

6.67 

2.2 

64 

if5d^$9 

156.9 

7.948 


6.10 

2.2 

6S 

4/f^t 

159.2 

8.332 


(6.74) 

2.2 

66 

4/'*6i* 

162.46 

8.662 


(6.82) 

2.9 

67 

4/9^$9 

164.94 

8.764 



3.1 

68 


167.2 

9.164 

1250 (T) 


2.1 

69 

4/iiei« 

169.4 

9.846 



2.1 

70 

4/»«6i* 

173.04 

T.OIOt 

ca. 1800 

6.2 

2.1 

71 

4/»«5d^t< 

174.99 

9.740 


6.0 

3.1 


TABLE 21-2 

Numerical Properties or tbs Actinide Elements 


Symbol 

Atomic 

Number 

Outer 

Electron 

Configuration 

Atomic 

Weight 

Density of 
SoUdat 
20^., 
grami/cc. 

Melting 

Pointy 

•c. 

1 

Covalent 
Radlui, A 

CryaUl lUdii.* A 

M** 

1 

; M*» 

Ae 

89 

ed^7«^ 

227 





1.11 

Th 

90 

W»7«* 

232.12 

11.7 

1730 

1.652 

0.9$ 

(1.08) 

Pa 

91 

6/964^74* 

231 




(0.91) 

■|k21 

U 

92 

5/>8d»7i< 

338.07 

19.05 1 

1133 

1.421 

0.89 


Np 

93 

5/«6d^7i« 

(237)t 

19.5 

640 


0.88 


P« 

94 

Sp6dt749 

(239)t 




0.65 

1.01 

Am 


5/^^7t> 

(24l)t 

11.7 



0.85 

im 

Cm 

96 

5f 64^749 

(242)t 

7(7) 





Bk 

97 

S/96dt7$9 

(24ST)t 






C! 

98 

5/*6d»7i» 

(2447)t 





■ 


* values (rom W. H. Z»cWiM«o: FAy*. Rtp., Tt, 1104 (1946), t Moat auble Uotope. 


21*2, respectively. Some additional values for the lanthanide elements 
are given in Table 5*5. The paucity of reliable data for these metals 
is due largely to the fact that preparations of pure samples have been 
exceedingly difficult. Although some similarities are discernible 
between the two series, the greatest similarities are of course within 
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each series. It is probable that evaluation of the properties of ele¬ 
ments in the transplutonium region will provide more analogies 
between the two series. 

The rare earth metals (and yttrium) are remarkably close to the 
alkaline earth metals in general characteristics. The same is true of 
actinium, thorium, and the transplutonium elements in particular, 
but to a much lesser extent of the other actinide elements. Trends 
in properties noted between the Group la and Group Ila elements 
extend quite generally to all these metals. Within the lanthanide 
family, trends are quite regular. Similarities in characteristics are of 
course associated with repetition of outermost electronic arrangements 
and only slight differences within inner shells. Differences in proper¬ 
ties are quite generally due to changes in nuclear charges as reflected 
in the lanthanide contraction (Table 5.5). Among the actinides, simi¬ 
lar conditions pertain but are less regular. 

TABLE 21-3 

Chemical Characteristics of the Lanthanide Elements 
General Equation* Remarks 


2M -|-3X,-»2MX, 

With halogens. Cerium gives CeFi. 

4M -f-30,- 2M,0, 

Cerium gives CeOs. 

2M -|-3S-» M,S, 

On beating. Also with Se, Te (?). 

2M -f-N,-* 2MN 

On heating. Probably also with P, 
As(?). 

M -1-2C^ MC, 

On heating. 

2M -f-3H,-»2MH, 

On heating moderately. Number of 
hydrogen atoms slightly less than 3. 

2M + 3H,0 -» 2M(OH), -f 3H, 

Slowly when cold. Vigorously when 
heated. 

M -t-3H+-» +|H, 

Vigorously. 

2M -1- 3H,0 -f- 3CO, -* M,(CO,), -1- 3H, 

* M B any lanthanide metal. 

In air. 


The elemental lanthanides are reducing agents which are nearly 
comparable in strength, as indicated by oxidation potential data, 
with the alkaline earth metals. High heats of formation of many 
of their compounds render these elements powerful reducing agents 
even under anhydrous conditions. They cannot be preserved in 
contact with oxygen, moisture, carbon dioxide, etc. The more 
important reactions of yttrium and the rare earth metals are summa¬ 
rized in Table 21-3. These behaviors are to be contrasted mth those 
of the Periodic Group Illb elements (pp. 739-740). The reactions of 
actinium are very similar as apparently are those of the heaviMt 
actinides. Thorium also behaves similarly but is tetrapoaitiye m the 
resulting compounds. In this respect, the behaviors of cenum an 



Ch. 21 


Oxidation States 


89S 


thorium are analogous. Although uranium, neptunium, and pluto¬ 
nium enter into many comparable reactions, greater variability in 
oxidation states is noted among the product materials. The reactions 
of elemental protactinium are probably closer to those of tantalum. 

CHARACTERISTICS RELATED TO ELECTRONIC ARRANGEMENTS 

Addition of electrons to well-shielded lower orbitals without mate¬ 
rial alteration of the “outermost” arrangements confers upon the 
inner transition elements a number of properties which might be 
regarded as unusual. Among these are constancy in oxidation 
states, predominantly ionic behavior, marked color and unusual light 
absorption characteristics, and distinctive magnetic behaviors. Sise 
decreases with increasing atomic number are not unusual but are of 
singular importance (pp. 146-151). 

Oxidation states 

The lanthanide elements are characterized by the uniform 4-3 oxida¬ 
tion state which would be expected of members of Periodic Group Ilia. 
In terms of the idealized electronic arrangements 4/"55’5p*5d‘6s* as 
suggested by Hund,* such an oxidation state is reasonable in all 
cases, but its appearance is not necessarily expected in terms of the 
general 4/"5«*5p*6«* (m = n 4- 1) structures which are regarded as 
more probable for most of the elements^ (pp. 100, 104). Except with 
lanthanum, gadolinium, and lutetium, removal of a 4/ electron is 
essential to the formation of the 4-3 state. It is apparent in the light 
of the general stability of this oxidation state that the removal of this 
4f electron requires essentially no more energy than would the removal 
of a 5d electron. According to Connick,^ ionization potential data 
and hydration energies for the resulting gaseous ions are such that the 
-f 3 state is stable in aqueous solution. 

The concept of a 4-3 oxidation state as characteristic of the lan¬ 
thanide elements has become so deep seated that other oxidation 
states have often been termed “ anomalous. • Such states are really 
expected rather than anomalous. Spectroscopic evidence indicates 
particular stabilities for the electronic configurations of the ions La+* 
(^5s*5p*), Gd+* (d/’Ss’Sp*), and Lu"*"* C4/**5s*5p*), where the 4/ 
orbitals are, respectively, empty, half-filled, and completely filled. 

•F. Hand: LinienspekUm und perioditches System der Elements, pp. 64-5, 
Verlag von J. Springer, Berlin (1927). 

»R. E. Connick: J. Chem. Soc., 1949 (Suppl. Issue No. 2), S236. 

• D. W. Pearce: Chem. Revs., 16, 121 (1935). 

• D. W. Pearce and P. W. Selwood; /. Chem. BducoHon, 18, 224 (1936). 
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The “anomalous” oxidation states may be regarded as arising, there¬ 
fore, from tendencies to approach these configurations through the loss 
of more or less than three electrons. Thus, the lanthanum(III) con¬ 
figuration is achieved with cerium (2 = 58) by the loss of four electrons 
and the formation of cerium(IV). With praseodymium (2 = 59), 
only four electrons are lost, and the stable lanthanum configuration 
is approached but not completely achieved. Existence of the praseo¬ 
dymium (V) essential to such achievement is very doubtful. Euro- 
pium(II) and terbium(IV) have the g8dolinium{III) configuration. 
Samarium(II) approaches but does not achieve this arrangement. 
Correspondingly, ytterbium(II) has the lutetium(III) structure. 
That these arrangements are correct is indicated by similarities among 
magnetic susceptibilities for isoelectronic ions.* The relationships 
among the oxidation states of the lanthanides are summarized in 
Table 21-4. The characteristics of these oxidation states are dis¬ 
cussed in a later section of this chapter (pp. 902-905). 


Symbol 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 


TABLE 21-4 

Oxidation States auono the Lanthanide Elements 
Atomic 

Probable Electronic Configurations* 


Number, 

Z 

67 

58 

69 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 


M(II) 


M(IV) 



Known 

Oxidation 

States 

+3 

+3, +4 
+3, +4 
+3 
+3 

+2, +3 
+2. +3 
+3 

+3, +4 

+3 

+3 

+3 

+3 

+2, +3 
+3 


• Arrangement of other electrons constant. 

With the actinides, the situation is much more complex. There is 
no oxidation state which may be regarded as characteristic of all 
members, although there appears to be a greater general preferen^ 
for the +4 state than for any other.* The increasing stability of the 
-1-3 state with increasing atomic number* is an indication of the rare- 
earth-like character of the heaviest actinide elements. Known owda- 
tion states for the actinide elements are given in Table 21-5. U is 
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apparent that the regularity characteristic of the lanthanide series U 
absent. The difficulties of relating oxidation states to electronic 
configurations in any simple fashion are also immediately obvious. 
Connick points out’ that the absence of a uniformly stable +3 state 
results frc .1 differences in ionization potentials and hydration energies 
between the two inner transition series. The enhanced stabilities of 
the +5 and +6 states (e.g., with U, Np, Pu) are ascribed to their 
occurrence in oxy cations, MOz'*’ and M02'*'*. With thorium and with 
protactinium, states other than +4 and +5, respectively, are highly 

TABLE 21 5 

Oxidation States among the Actinide Elements 



Atomic 

Reported Oxidation 

Symbol 

Number, Z 

States 

Ac 

89 

+3 

Th 

90 

+4 (+3. +2}* 

Pa 

91 

+6 (+4) 

U 

92 

+3, +4, +5. +6 

Np 

93 

+3, +4, +5. +6 

Pu 

94 

+3. +4. +5, +6 

Am 

95 

+3, +4. +5. +6 (+2) 

Cm 

96 

+3 

Bk 

97 

+3. +4 

a 

98 

+3 


• States given in parentheses have been reported but are exceedingly unstable. 


unstable and subject to ready oxidation (e.g., by water). Comparisons 
with the lanthanide series are not generally w'arranted. 


Magnetic properties 


^cept for lanthanum(III) and lutetium(III) which are diamag¬ 
netic, the tripositive lanthanide ions are strongly paramagnetic. 
Because of significant orbital contributions, it is impossible to account 
for observed moments in terms of the number of unpaired electrons 
alone. This was made apparent in Chapter 5 (pp. 168-170), where it 
was shown that two maxima exist, one in the Pr+*-Nd+* region and the 
other in the Dy+‘-Ho+* region. Although it is reasonable to associate 
the paramagnetic characteristics of these ions with the 4/ orbitals, an 
exact interpretation of observed behaviors requires an involved mathe¬ 
matical approach which has no place in this discussion.The 


H. Vm Vleck: Th£ Theory of Electric and Magnetic SueceptibilUiea. Oxford 
University Press, London (1932). 

« D. M. Y^t, H. RusseU, and C. S. Gamer: The Rare-Earth EUments and Their 
Compound$, Ch, 2. John Wiley and Sons, New York (1947), 
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magnetic characteristics of the non-tripositive lanthanide ions are 
quite generally comparable to those of isoelectronic tripositive ions 
(p. 895). 

Among the actinides, quantitative interpretations are lacking, but 
observed paramagnetic behaviors among ions in a variety of oxidation 
states are qualitatively similar to those among the lanthanides.** 
This is apparent from data given in Figure 21-1.** The similarity 



Fig. 2M. Magnetic properties of certain lanthanide and actinide ions. 

stems, in all probability, from similarities in electronic arrangements 
and offers more or less independent confirmation of the presence of / 
electrons in atoms of the heaviest elements. 

Color and absorption specfro 

Many of the tripositive lanthanide ions are strikingly colored both 
in crystalline compounds and in aqueous salt solutions. The remark¬ 
able periodicity in color which results when the ions are arranged in 
order of atomic numbers, which is shown in Table 21-6, was first noted 
by Main Smith. >» It is apparent that an ion having n more electrons 
than lanthanum has very nearly the same color as an ion having 
14 - n electrons more. This suggests the 4/ orbitals as the source of 

J. J. Howland and M. Calvin: /. Chetn. Fhys., 18, 239 (1950). 

J. D. Main Smith: /^alure, 120, 583 (1927). 
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color, but the problem is complicated by the fact that the non-tri¬ 
positive ions are differently colored from isoelectronic tripositive 
species. Thus, among the non-tripositive species, the follo\ving ionic 
colors are noted: Ce(IV), orange-red; Sm(II), red-brown; Eu(II), straw; 
Yb(II), green. 

Color is, 0 . course, a manifestation of light absorption and is more 
correctly described, therefore, in terms of absorption spectra. Lan- 
thanum(lll) and lutetium(lll) have no absorption bands in either the 


TABLE 21-6 

Colors op Tripositive Lanthanide Ions 


loD 

1 

Atomic 

Number, 

2 

1 

Number 
of 4/ 
Eleciroru 

Color 

Color 

Number 
of 4/ 
Eloctrona 

Atomic 

Numl>«r, 

2 

loo 

4 

u** 

67 

0 

colorless 

colorlcfti 

14 

71 

Lu*» 

Ce** 

58 

1 

colorleea 

colorleee 

13 

70 

Yb** 

Pr*» 

59 

2 

yellowish •green 

pole greoD 

12 

69 

Toi‘* 

Nd** 

eo 

3 

reddbb*violci 

reddish 

11 

68 

Er*' 


61 

4 

pink (?) 

yeUowah 

10 

67 

Ho** 

Sm*‘ 

62 

5 

p&le yellow 

yellowidh 

0 

66 

Dy** 

Eu*' 

63 

6 

eolorkae* 

colorlesA* 

8 

65 

! Tb*» 

Gd*» 

64 

7 

: eolorlett 

colorleve 

1 

7 

64 

Gd‘* 

1 


* As commoaly observed. Soroe autbora report very pole pink. 


ultraviolet, visible, or near infrared regions. The absorption spectra 
of all the other tripositive lanthanide ions are characterized by bunds 
in these regions,*^"** bands in the visible being found for the colored 
species (e.g., with Pr+>, Nd+*, Er*-’) and those in either the ultraviolet 
(e.g., with Ce"*"*, Eu"*"*, Gd'*'*) or near infrared (e.g., with for 

the colorless species. These spectra vary in complexity, but for 
given ions they are characteristic whether those ions are found in 
solid salts or in solution. The spectrum of neodymium chloride given 
in Figure 2T2^® is among the most complex observed, but it may be 
regarded as essentially typical. Measurements show the spectra of 
chloride and nitrate solutions of synthetic element 61 to be exactly 
comparable with those of the other lanthanide ions. Absorption 
spectra are useful not only for the qualitative detection of the lan¬ 
thanide ions but also for their quantitative determination in complex 
mixtures. 

W. Prandtl and K. Scheiner: Z. anorg. aUgem. Ckem., S20, 112 (1934). 

** C. J. Roddent /. Rttearch Nad. Bur. Standard*, 2S, 557 (1941); 28, 265 (1942). 

“ T. Moeller and J. C. Brantley: Anal. Ckem., 22, 433 (1950). 

‘*G. W. Parker and P. M. lAntx:^. Am. Chem. Sac., 72, 2834 (1950). 
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An outstanding characteristic of these spectra is the sharpness of 
the individual absorption bands. Many such bands are almost line¬ 
like in nature, and in general the bands become even narrower as 
temperature is decreased. By contrast, it should be mentioned that 
absorption bands characterizing other colored inorganic species (e.g., 
transition metal ions, complex ions and molecules) e.xcept the actinide 




X(angstromi) 

Fio. 212. Absorption spcrtrum of aqurous nro<lymium chloride aolutioo. (Adapted 
from T. Morllcr and J. C. Brantley: Anal. Chrm., S2, 433 (1950).) 


ions are broad and often difTuso. A difference in the source of absorp- 
tion is apparent. It is quite generally agrml that the ahsorpUon 
bands of the tripositive lanthanides from electronic transitions 

fp. 8'J) within the 4/ level. Furthermore, it appears that these 
tran.sitions involve two energ>' states of the same 4/^ confipiration. 
They are. therefore. Imn.sition.s which are normally of a forbidden ty-pe. 
lin.smuch a.s the 4f electrons are responsible for the absorption bands, 
environmental fariors which alTt'ct the outermost orbitals are without 
material ctTect upon the wavelenglh.s of the.se bands, lor 
spcctra in the presence of complexing groups are stnkingly 
those of the simple (aquated) cations. Among compound* of the 
(ran.sition metals, the reverse is commonly true (p. 8.4). 
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It is striking that for the non-tripositive states characteristic absorp¬ 
tion bands are broad and more like those of the ions of the transition 
metals. Our present state of knowledge does not permit anything 
but a fragmentary explanation of the origins of the rare earth absorp¬ 
tion spectra and of the differences among them. As for paramagnetic 
behaviors, much available explanatory' information lies beyond the 
scope of this book.'* 

TOere measured, the absorption spectra of the compounds of 
uranium and the heavier actinide elements have been found to be 
remarkably like those of the tripositive lanthanides both in their 
complexities and in the sharpnesses of the characteristic absorption 
bands.*'**'” In some cases, e.g., americium(III),** the bands are 
particularly sharp (I to 5 A wide). A major difference from the 
lanthanides lies in the fact that oxidation state has little or no effect 
upon the sharpness of the spectrum. It is logical to associate the 
absorption bands characteristic of the actinide ions with electronic 
transitions within the 5/level.* 

Contraction ^ects 

Review of the nature and origins of the lanthanide and actinide 
contractions, as discussed in Chapter 5 (pp. 145-151), indicates clearly 
the importance of size differences in accounting for observed differ¬ 
ences in properties within a given oxidation state as atomic number is 
varied. Thus paralleling increase in atomic number, increase in ease 
of complex formation, decrease in basicity, etc., are found to be char¬ 
acteristic. Were it not for the lanthanide and actinide contractions, 
characterization of these elements in a particular state of oxidation * 
would be a task of extreme difficulty. This is particularly true of the 
lanthanide elements because of the general absence of a variety of 
available oxidation states and the consequent restriction of most 
operations to a single state. 

SOME SPECIFIC PHASES OF THE CHEMISTRY OF THE 

LANTHANIDE ELEMENTS 

The chemistries of the lanthanide elements are sufficiently different 
from those of the elements thus far considered to merit special atten- 

*• D. M. Yost, H. Russell, and C. S. Garner: The Rare-Earth ElemerUs and Their 
Compounds, Ch. 3. John Wiley and Sons, New York (1947), 

*• J. C. Hindman, L. B. Magnusson, T. J. LaChapelle: J. Am. Chem. Soc., 71, 
687 (1949). 

* R. E. Connick, M. Kasha, W. H. McVey, and G. E. Sheline: Paper 4.20 in 
The rransuramum Elements, Vol I, p. 559. McGraw-Hill Book Co., New York 
(1949). 

“ S. Freed and F. J. Leite: J. Chem. Phys., 17, 540 (1949). 
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tion. Topics chosen for discussion relate to chemical characteristics 
in various states of oxidation and to separation techniques. No 
attempt is made to discuss the chemistries of the actinide elements. 
However, it is apparent that in the lower oxidation states (e.g., +3, 
+4) distinct parallels exist between the two series. 

Chemical characteristics in the various oxidation states 

Essentially similar electronic arrangements with but small changes 
in size impose distinct similarities upon all these elements in a particu¬ 
lar state of oxidation (i.e., -f*3). Among different oxidation states, 
however, the expected significant differences appear. Because the +3 
state is most important, it is discussed first. 

Oxidation State +5. This is the generally stable oxidation state in 
aqueous solutions. It is a quite generally highly basic state as indi¬ 
cated by the rather slight hydrolysis of salts containing weakly basic 
anions {e.g., Cl“, ClOr, NOa", 804“*),^*’®’ basicity decreasing with 
increasing atomic number.” As regards solubilities, the chlorides, 
bromides, iodides, nitrates, perchlorates, bromates, and acetates are 
uniformly and usually quite readily soluble in water, but the oxides, 
hydroxides, oxalates, carbonates, phosphates, fluorides, and many 
double carbonates, sulfates, etc. are insoluble. The simple sulfates 
vary widely, but all are less soluble in hot solutions than in cold. 
As expected, the behaviors of yttrium compounds are comparable with 
those of dysprosium and holmium. Except for samarium, europium, 
and ytterbium, the tripositive ions are uniformly resistant to reduction 
to lower states, and, except for cerium, they resist oxidation in solution. 

Salts of the tripositive ions readily combine with other simple salts 
to produce double salts. Important among these are double ammo¬ 
nium nitrates M'*'(N 03 ) 3 - 2 NH 4 N 0 ,* 4 Hj 0 : double nitrates with diposi¬ 
tive metals, M3‘'‘M3"(N0,),2*24H,0(M" = Mg, Mn, Ni, Co, Zn); 
double alkali metal sulfates, M‘"M'j(S04)!‘2:Hi0 (M* = Na, K, TI'*'), 
etc. Many simple salts are known as hydrates. These compounds 
are not complex compounds. Indeed, it is exceedingly difficult to 
prepare true complexes from the tripositive ions. This is probably 
due not only to the large sizes of these ions but also to the absence of 
orbitals which might be used for hybridization in the usual sense 
Acetylacetone and other )S-diketones do yield inner complexes wffich 
are soluble in solvents such as benzene or chloroform, but which 
decompose rather than voIatUize upon being heated. 8-QumolmoI 
and some of its derivatives form comparable compounds. Hydroxy 

» T. Moeller and H. E. Kremera: Chem. Revs., 87, 97 (1946). 

»T. Moeller: J. Phys. Chem., 50, 242 (1946). 


903 


Ck, 21 Chemical Characteristics in Oxidation States 

acids (e.g., tartaric, citric) form complexes in aqueous solutions, but 
these have not been isolated in the solid state. Nitriloacctate and 
ethylenediaminotetraacetate complexes are known. A few amines 
such as pyramidone and antipyrinc are said to form complex cations 
with the tripositive lanthanides. A few ammoniates are also known 
in the solid state but not in solution. However, the majority of the 
familiar donor groups show no tendency to combine with these 
cations. Although such complexes as can be made agree in composi¬ 
tions with a coordination number of six, it is probable that the binding 
is always ionic and that the octahedral configuration is non-existent 
as a stable entity. 

As indicated by the potential values in Table 21*1 and in Table 21*7, 
the tripositive ions resist reduction both to the free metals and to the 
dipositive state and resist o.xidation to the tetrapositive state. 

TABLE 21-7 

Imtortant Lanthanide Ion Couples 
Couple Equation 

M(II)-M(III) Sm** ^ Sm*» + «“ 

Eu-^* ;=± Eu** + e- 

Yb*» +€- 

M(III)rM(IV) Cc«^Cc+^+e- -1.2S(2/Ha) 

-1.44 (l/HiSO*) 
-1.61 (l/HNO.) 
-1.70 (l/HClOd 

Pr+* ^ Pr*‘ + e“ ca. -2.94* 

* Rough estimates. 

Oxidation State +2. Although actually known only with samarium, 
europium, and ytterbium, the more general existence of this oxidation 
state has been suggested from time to time. Thus the isolation of a 
series of carbides of composition MCs (p. 698) is difficult to reconcile 
by any postulation other than the presence of a +2 state. On the 
other hand, indications that polarographic reductions of the tripositive 
ions in aqueous solutions lead first to the dipositive ions and then to 
the metals’^ are probably in error in all cases except with europium 
and are better accounted for in terms of catalytic hydrogen discharge. 

Europium(II), ytterbium(II), and samarium(ll) are well-charac¬ 
terized species, however. In ease of formation and in resistance to 
oxidation, they decrease in this order. It is probable, therefore, that 
the estimated potential for the Sm(II)-Sm(III) couple (Table 21-7) 
is considerably in error. All the dipositive ions are readily oxidized 
to the tripositive state by elemental oxygen or by water. They are 

** W. Noddack and A. Brukl: Angew. Chem,, 60, 352 (1937). 


volts 
ca. 0.8* 
0.43 
1.15 
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thus unstable in aqueous solution and function as powerful reducing 
agents. In their solubility characteristics and in the crystalline prop¬ 
erties of their compounds, they are remarkably similar to stron¬ 
tium. Such similarities arise from size similarities, the crystal radii 
of Eu+* and Yb'*’^ being 1.17 A and 1.06 A, respectively, as compared 
with 1.13 A for Sr"*"^. The dipositive ions are commonly recovered 
as the difficultly soluble sulfates (p. 908). 

Europium(II) is readily obtained in solution by amalgamated zinc 
or electrolytic reduction of europium(III). Ytterbium(II) results 
from electrolytic reduction of ytterbium(III) salt solutions, but sama- 
rium(II) cannot be obtained in these fashions in aqueous systems. 
More ^■igo^ous reducing agents such as sodium amalgam give amalgams 
rather than the dipositive ions. Magnesium reduction in ethanol, 
however, does give samarium(II). Solid compounds containing the 
dipositive metals may be obtained by high-temperature hydrogen, 
ammonia, or aluminum redaction of the anhydrous trihalides or by 
thermal decomposition of the anhydrous triiodides, e.g., as 

SmI j —» Smlj + 5 I 2 


The preparation of dipositive europium compounds is an excellent 
exercise in synthetic chemistry.*® 

Oxidation State + 4 . Cerium(IV) is probably more common and 
more important than cerium(III). It is well known both in solid 
compounds and in aqueous salt solutions such as the nitrate, perchlor¬ 
ate or sulfate. Praseodymium(IV) and terbium(IV) are kno\vn only 
in solid compounds. The oxides Pr«On (black) and Tb^Ov (brown) are 
obtained as final oxidation products in the ignition in air of the oxides, 
carbonates, oxalates, etc., of the tripositive elements. It is probable 
that both tri- and tetrapositive materials are present in these o.xides. 
A pure compound, PrOj, is said to form in the presence of oxygen under 
pressure. Terbium dio.xide, TbO:, has been obtained by action of 
atomic oxygen. Treatment of these praseodymium and terbium com¬ 
pounds with acids gives the tripositive ions in solution. 

Cerium(IV) compounds, as expected, are more acidic, more highly 
hydrolyzed, and more susceptible to complex formation than the cor- 
responding cerium(III) compounds. In their solub.l.t.es they are 
more closely comparable with the thorium compounds than with those 
of the tripositive lanthanides. This is in accord with sise simi antiM 
(radii; Ce+' = 1.02 A, Th+* = 1.10 A) as well as with equa lly in 
charge. Cerium(IV) forms double salts readily, best characterize 

»R. A. Cooley and D. M. Yost: Imrgamc Synthei», Vol. II. pages 6»-73. 
McGraw-Hill Book Co.. New York (19-46). 
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being the double ammonium nitrate, Ce{N0j)4-2NH<N03, a material 
which crystallizes readily from nitric acid solutions and is useful in 
the purification of cerium. Although such compounds may exist as 
cerates (e.g., (NHd^fCefNOd*]) in the solid state, there is little posi¬ 
tive proof of the existence of species such as [CefNOs)*!^* aqueous 
solution. The outstanding characteristic of ceriumflV) is its oxidizing 
power. As indicated in Table 21-7, this is a function of the acid 
present, suggesting interactions between cerium(lV) and the various 
anionic species. Because of its oxidizing power and the inherent 
simplicity of the couple involved, cerium(IV) has become an extremely 
important analytical oxidant.*® 

Cerium(IV) compounds are obtained in acidic solution by peroxydi- 
sulfate or electrolytic oxidation. Bromate effects the oxidation in 
solutions buffered with calcium carbonate. Permanganate or iodate 
may be used also. In alkaline medium, chlorine, peroxide, or even 
atmospheric oxygen is effective. Cerium(IV) is commonly recovered 
by hydrolytic precipitation or precipitation of the double ammonium 
nitrate. 

Recovery and separation techniques 

Of the many known minerals containing the lanthanide elements, the 
only one of widespread commercial importance is monazite sand, 
which is essentially a mixture of phosphates, RPO 4 , containing up to 
some 10 to 12 % thorium (probably as silicate), together wth small 
amounts of zirconium (as silicate) and iron and titanium (as ilmenite). 
The classic and still most widely employed procedure for cracking this 
mineral involves digestion with concentrated sulfuric acid at elevated 
temperatures. Treatment of the resulting mass with a controlled 
quantity of cold water effects dissolution of the mixed sulfates and 
permits removal of insoluble silica, zircon, etc. Thorium is most com¬ 
monly removed by precipitation as pyrophosphate after further dilu¬ 
tion to a predetermined acidity. The remaining tripositive lanthanide 
elements may then be recovered by precipitation wth oxalic acid prior 
to separation, although a cheaper and more common procedure 
involves treatment with sodium sulfate. This divides the lanthanide 
elements roughly into two groups, namely the cerium earths (roughly 
La through Eu), the double sodium sulfates of which are insoluble in 
sodium sulfate solution, and the yttrium earths (Y and roughly Gd 
through Lu), the double sodium sulfates of which are soluble. With 
monazite as raw material, the cerium earths predominate in quantity. 

*• G. F. Smith: CeraU Oxidimetry. G. Frederick Smith Chemical Co., Columbus, 
Ohio (1942). 


906 


The Inner Transition Elements 


Ch. 21 


The double sulfates may be converted to acid-soluble hydrous oxides 
and hydroxides with caustic soda. Cerium is commonly removed by 
oxidation (p. 908) before separation of the cerium earths. Useful 
details of extraction and recovery procedures are given by Pearce 
ct al.®^ 

Separation of the lanthanide elements from each other has long been 
a classic problem in inorganic chemistry. Because of inherent simi¬ 
larities within a given oxidation state, techniques not based upon 
oxidation or reduction are commonly slow', tedious, and fractional in 
character. Preparation of pure materials is difficult, especially if 
those materials are comparatively rare. Even division of the elements 
into cerium and yttrium groups is not clean-cut, since gradations in 
solubilities rather than marked differences are encountered. Tech¬ 
niques involving more than a single oxidation state are rapid and 
yield pure products, but they are limited to a few members of the 
series. For many years, separation of any but the most abundant 
elements (e.g.. La, Ce, Nd, Sm) in quantity was well nigh impossible, 
but new methods which operate continuously and automatically have 
aided materially in solving the problem. Important reported proce¬ 
dures may be classified under the broad headings: 


1. Fractional crystallization procedures. 

2. Procedures involving basicity differences. 

3. Oxidation-reduction procedures. 

4. Liquid-liquid extraction procedures. 

More comprehensive references’-” are suggested for additional 


details. , / *• i 

Fractional Crystallization Procedures. Separation by fractional 

crystallization is dependent upon the formation of isomorphous com¬ 
pounds which not only differ significantly from each other in solu¬ 
bilities but also have solubilities that change fairly markedly with 
temperature changes. Fractional crystallization procedures were the 
first applied to the lanthanide elements as a group. At present, how¬ 
ever they are most useful for the separation of specific matem s 
rather than for working up the entire family of elements. Among the 
useful fractional crystallization procedures are the follo^ng. doub^ 
magnesium or manganese(II) nitrates for separation »f 
earths; double ammonium nitrates for separation of lanthanum 


.. D W. Pearce, R. A. Haeeon, J. C. Butler, and R. 

Compoundt, Ch. 5. John Wiley and Sons, New York (1947). 
*• R. Dock: Angeto. Chim., 68, 376 (1960). 
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praseodymium; and bromates or ethyl sulfates for separation of the 
yttrium earths. Bismuth(III) acts as a useful separating ion m 
double magnesium nitrate crystallizations involving samarium, 
europium, and gadolinium and in simple nitrate crystallizations of 
gadolinium, terbium, and dysprosium because of the intermediate 
solubilities of the isomorphous bismuth compounds. 

Procedures Involving Basicity Differences. The gradual decrease in 
basicity with increasing atomic number which is characteristic of the 
tripositive ions” may be used as a basis for separation by a variety of 
means. Since basicity increases sharply when dipositive materials 
are formed and decreases sharply when tetrapositive materials arc 
produced, basicity procedures may be combined with oxidation pro¬ 
cedures to advantage in certain cas^s. 

FRACTIONAL PRECIPITATION. Sincc the insolubility of a compound 
is measured by the extent to which the cation attracts the anion, 
separation by the fractional precipitation of any type of compound 
of a series of closely related elements may be regarded as a procedure 
dependent upon differences in basicity. Precipitation of hydrous 
hydroxides or oxides by gradually increasing the pH of an aqueous 
solution by addition of ammonia, amines, or alkali, by hydrolysis of 
urea or hexamethylenetetramine, by hydrolysis of anions (e.g., nitrites, 
azides) of the lanthanide element salts themselves, or by electrolysis 
effects separations, the least basic materials being precipitated first. 
Precipitations by chromate, hexacyanoferratefll or III), oxalate, etc., 
are also effective. However, since basicity differences are slight within 
the -f*3 state, blanket separations are not obtained, and the separation 
of adjacent members by simple precipitation procedures is seldom 
particularly effective. Yttrium is removed rather effectively by this 
means, however. 

COMPLEX FORMATION. The Stabilities of complex ions containing 
the tripositive lanthanides increase with increasing atomic number 
(p. 901). Differences in stabilities of complex species of a given type 
can be taken advantage of in separational procedures because they 
cause differences in the rates and extents of particular reactions. Thus 
precipitation of oxalates from solutions containing nitriloacetate*® or 
ethylenediaminetetraacetate’^ leads to separations because the cations 
forming the least stable complexes precipitate first. 

More striking results are obtained by ion exchange procedures.** 

*® G. Beck: Mikrochem. ver. Mikrochim. Acta, 3S, 344 (1948). 

J. K. Marsh: J. Chem. Soc., 1950, 1819; 1951, 1461. 

** A comprehensive series of papers on ion-exchango, many of them covering the 
behaviors of the lanthanide ions, is found in /. Am. Chem. Soe., 69, 2769-2881 
(1W7). 



908 


The Inner Transition Elements 


Ch, 21 


In brief, these procedures depend upon adsorption of the mixed tri¬ 
positive lanthanides upon a small portion of a column of cation 
exchanger, followed by elution at controlled pH with a complexing 
agent such as ammonium citrate. Although the tendency of a cation 
in solution to exchange with, for instance, hydrogen ion on the exchange 
resin increases \vith cation size, the opposing tendency to form complex 
ions with citrate increases much more rapidly with decreasing cation 
size. As the solution passes through the exchange column, a series of 
competitive equilibria between ions on the exchanger and in complex 
form in solution are established. These lead to progressive enrich¬ 
ment of the smallest (most highly complexed) lanthanides in the 
material passing down the column. If the column is sufficiently long, 
separation into bands ultimately occurs, and, if the eluate from the 
column is collected in fractions, the various lanthanide ions appear 
separately in reverse order of atomic numbers (i.e., lutetium first, 
lanthanum last). Although first adapted to separation of tracer 
quantities, ion exchange procedures are also effective for macroscopic 
separations.Cost of reagents may mitigate somewhat against 
use of such techniques on commercial scales, but, for the preparation 
of small samples of highly purified materials, they are invaluable. 

MISCELLANEOUS BASICITY PROCEDURES. Among such proccdurcs 

which have been applied in individual separations are thermal decom¬ 
positions of oxy compounds and reactions of oxides, etc., with acids. 
These are all fractional in character. 

Oxidaiion-Redudion Procedures. Oxidation in aqueous solution is 
effected only wth cerium (p. 904). Separation of ceriumflV) from 
the tripositive lanthanide ions is easily effected because of marked 
basicity differences (pp. 904, 907). Concentrations of praseodymium 
and terbium have been effected by either chemical (e.g., with fused 
nitrates, chlorates, etc.) or electrolytic (e.g., of oxides dissolved in 
fused potassium hydroxide) oxidation in the absence of water, followed 
by removal of the more basic tripositive materials by leaching with 

water or weakly acidic mixtures.*^” 

Reduction to the dipositive state followed by sulfate precipitation 


» F. H. Spedding, E. I. Fulmer, T. A. Butler, and J. E. Powell: J. Am. C/urf\. 

V. H. Spedding, E. I. Fulmer. J. E. Powell, and T. A. Butler: J. Am. Chem. 

Soc., 72. 2354 (1950). • * 070 

»»B. Brauner: ColUction Czechoslov. Chem. Communicalions. 6, J7J (lUJu;. 

G. Beck* Angtw. Chem,, 536 (1939). 

« J K. Marsh: J. Chem. Soc., 1946, 17, 20. . x, t a- 

-C. R. Hough and D. W. Pearce: Abstracts of Papers, 111 th Meeting of the 

American Chemical Society, April 1947, p. lOP. 
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is effective in removing and thereby concentrating europium and 
ytterbium. For europium, either electrolytic reduction” or amalga¬ 
mated zinc reduction^^-” is effective. For ytterbium, only electro¬ 
lytic reduction can be used.*' For samarium, reduction with mag¬ 
nesium in ethanol and subsequent precipitation of samarium(Il) chlor¬ 
ide offer promise.” Direct reduction to the metals (as amalgams) 
is excellent for the removal of europium, ytterbium, and samarium. 
This is best accomplished by extracting aipieous acetate solutions with 
liquid sodium amalgams in the presence of acetic acid.**-** Products 
obtained by oxidation or reduction procedures are usually essentially 


free from other lanthanide materials. 

Liquid-Liquid Eitraction Procedures. Such procedures are attrac¬ 
tive because they can be operated continuously. Although significant 
solubility differences are noted among salts of the tripositive lanthanide 
ions in certain non-aqueous solvents,** separation procedures have 
shown but little promise except among ions of widely differing basic¬ 
ities. Formation of complex species, e.g., ^-diketone chelates, ma}' 
improve such separations. However, removal of cerium(IV)**-*^ and 
thorium*®"** from the tripositive materials is readily effected by such 
procedures. 


PERIODIC RELATIONS AND THE INNER TRANSITION ELEMENTS 

Accommodation of the inner transition elements by any but the 
most extended electronic forms of the periodic system (Ch. 4) is 
geometrically difficult. It seems best to regard the lanthanide ele¬ 
ments as members of the A family of the third periodic group but to 
list them separately for convenience. A separate listing is almost 


L. F. Yntema: J. Am. Chem. Soc., 62, 2782 (1930). 

«H. N. McCoy: J. Am. Chem. Soc., 67, 1756 (1935): 68, 1577, 2279 (1936). 
u R. W. Ball with L. F. Yntema: J. .tm. Chem. Soc., 62, 4264 (1930). 

** A. F. Clifford and H. C. Bcachell: J. Am. Chem. Soc., 70, 2730 (1948). 

« J. K. Marsh: J. Chem. Soc., 1942, 398, 523; 1943, 8. 531. 

T. Moeller and H. E. Kremers: Ind. Eng. Chem., Anal. Ed., 17, 798 (1945). 
**C. C. Templeton: J. Am. Chevi. Soc., 71, 2187, 4167 (1949). 

R. Bock and E. Bock: Naturtinseenechaften, 36, 344 (1949). 

« J. C. Warf: J. Am. Chem. Soc., 71, 3257 (1949). 

“C. C. Templeton and N. F. Hall; J. Phys. Colloid CAem.,61,1441 (1947); 
64, 954. 958 (1950). 

** B. F. Rothschild, C. C. Templeton, and N. F. Hall: J. Phys. Colloid Chem., 

62, 1006 (1948). 

C. C. Templeton, B. F. Rothschild, and N. F. Hall: J. Phys. Colloid Chem., 

63, 838 (1949). 

“ G. F. Asselin, L. F. Audrieth, and E. W. Comings: J. Phys. Colloid Chem., 64, 
640 (1950). 
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completely essential for the actinide elements because of the diversity 
of exhibited properties. Placing the two series together as 

La Ce Pr Nd 61 Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Ac Th Pa U Np Pu Am Cm Bk Cf 

has the advantage of pointing out similarities but does not allow for 
the striking differences which characterize the Pa-Pu region. It may 
be pointed out, however, that similarities between terbium and 
berkelium and between dysprosium and californium as suggested by 
such an arrangement are found in practice and are of use in charac¬ 
terizing these new synthetic elements. 

Certain degrees of periodicity are distinguishable among the mem¬ 
bers of each inner transition series. A number of physical and chemical 
characteristics of the lanthanide elements show detectable changes at 
the midpoint of the series (gadolinium) and are in general agreement 
with the arrangement 

La Ce Pr Nd 61 Sm Eu 

Gd Tb Dy Ho Er Tm Yb 

Lu 

Among these are colors, absorption spectra, and oxidation states. 
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Symbol 

Nucleor 

Ch&rge 

Z 

Mua 

Number, 

A 

Iflotopic 

Mam, 

M 

Mam 

Detect. 

A • A/ - A 

pAcking 

FrAction. 

/ - A/a 
X io< 

Binding 

Energy 

per 

Nucleon 

Mev 


0 

1 

1.00893 

+0.00893 

+89.3 

» » • 

H 

1 

1 

1.008123 

+0 008123 

+ 81 2 

» • » 



2 

2.0U70S 

+0 014708 

+73.5 

1.1 



3* 

3.01707 

+0 01707 

+56.9 

2.8 

Ho 

2 

3 

3.01700 

+0.01700 

+ 56.7 

2.5 



4 

4.00390 

+0 00390 

+ 9.8 

7.0 

u 

3 

6 

6.01697 

+0.01697 

+ 28-3 

5.3 



7 

7.01822 

+0.01822 

+ 26.0 

5.6 

Be 

4 

0 

9.01503 

+0.01503 

+ 16.7 

6.4 

B 

6 

10 

10.01618 

+0.01618 

+ 16.2 

6.4 



11 

11.01284 

+0.01284 

+ 11.7 

6.9 

c 

6 

12 

12.00382 

+0.00382 

+ 3 2 

7.6 



13 

13.00751 

+0 00751 

+ 5.8 

7.4 



14* 

14.007741 

+0.007741 

+ 5.5 

7.5 

N 

7 

14 

14.00751 

+0.00751 

+ 5.3 

7.4 



15 

16.00489 

+0.00489 

^ 3.3 

7.6 

0 

8 

16 

16.00000 

+0.00000 

0 0 

7.9 



17 

17.00450 

+0.00450 

+ 2.7 

7.7 



18 

18.00490 

+0 00490 

+ 2.7 

7.7 

F 

9 

19 

19.00450 

+0.00450 

+ 2.4 

7.7 

Ne 

10 

20 

19.99877 

-0.00123 

- 0.6 

8.0 



21 

20.99963 

-0.00037 

- 0.2 

8-0 



22 

21.99844 

-0.00156 

- 0.7 

8.0 

Nft 

U 

23 

22.99618 

-0 00382 

- 1.7 

8.1 

Ms 

12 

24 

23.9925 

-0.0075 

- S.l 

8.2 



2$ 

24.9938 

-0.0062 

- 2 5 

8.1 



26 

25.9898 

-0.0102 

- 3 9 

8.3 

A1 

13 

27 

26.9899 

-0.0101 

- 3.7 

8.3 

Si 

14 

28 

27.9866 

-0.0134 

- 4 8 

8.4 



29 

28.9866 

-0.0134 

- 4.6 

8.4 



30 

29.9832 

-0.0168 

- 5.6 

8.5 

P 

16 

31 

30.9843 

-0.0157 

- 5.1 

8.4 

8 

16 

32 

31.98089 

-0.01911 

- 6.0 

8.6 



33 

32 9800 

-0 0200 

- 6.1 

8.5 



34 

33 97710 

-0 02290 

- 6.7 

8.6 



36 

35.978 

-0.022 

- 6.1 

8.5 

Cl 

17 

35 

34.97867 

-0 02133 

- 6.1 

8.5 



37 

36 97750 

-0 02250 

- 6-1 

8.5 

A 

18 

36 

35-9780 

-0 0220 

- 6-1 

8-5 



38 

37 974 

-0 026 

- 6-8 

8.C 



40 

39.9756 

-0 0244 

- 6.1 

8.5 

K 

19 

39 

38 0747 

-0 0253 

- 6 5 

8 5 



40* 

39 9760 

-0.0240 

- 6.0 

8.5 



41 

40 974 

-0 026 

- 0.3 

8.5 

Cft 

20 

40 

39.9753 

-0.0247 

- 6.2 

8.5 



42 

41.9711 

-0.0269 

■ - 6.9 

8.6 


Abun<lftDc«. 


0 D1&C 

<ft. 0 

1.3 X 10“^ 
99.9900 
7.39 
92.01 
100 
18.83 
81.17 
98.9 
l.l 

CA. l0-‘* 
09 02 
0.38 
99.757 
0 039 
0 204 
100 
00.61 
0.28 
0.21 
100 
78.00 
10.11 
11 29 
100 
02.28 
4 67 

3 03 
100 

95 00 
0 74 

4 16 
0 OtO 

75-4 
24.6 
0 30? 

0 000 
90 033 
93 3 

0 oil 
6.7 
96.96 
0.64 


NeutroD 

to 

Pro too 
Rotio, 
NIZ 


0 

1.000 
2.000 
0-500 
1.000 
1.000 
1.333 
1.250 
1.000 
1.200 
1.000 
1.167 
1.333 
1.000 
1.143 
1.000 
1.125 
1.250 
l.lll 
1.000 
1-100 
1.200 
1.090 
l.OOO 
1-083 
1.167 
1.078 
1.000 
1.071 
1.143 
I 067 
1 000 
1.063 
t 125 
1.250 
1.059 
1.177 
1 000 
1 111 
I 222 
I 033 
1.1U5 
I 138 
1.000 
l.lOO 


9il 
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Symbol 

Nuclear 

Charge 

Z 

Mat^ 

Number. 

A 

laotopic 

Moss, 

M 

Mass ] 

Defect, 

A - - A 



43 

42 9723 

-0 0277 



44 





46 





48 



8c 

21 

45 

44 9669 

mmm 

Ti 

22 

46 

45.9661 




47 

46 9647 

BfH 



48 

47 9631 

-0.0369 



49 

48.9646 




50 

49.9621 


V 

23 

51 

50 9577 

-0.0423 

Cr 

24 

50 

49 9642 

mmSm 



52 

51.9557 

BtSH 



53 

52 9550 

-0 0450 



54 

53 9540 

-0 0460 

Mo 

25 

55 

54 957 


Fe 

26 

54 

63 9575 

-0 0425 



56 

55 9531 




57 

56 9540 




58 

57 9306 


Co 

27 

59 



Ni 

28 

58 

57 9594 




60 

59 9495 




61 

60 9537 

-0 0463 



62 

61 9403 

-0 0507 



64 

63 9471 

-0 0529 

Cu 

29 

63 

62.957 

-0 043 



65 

64 955 


Za 

30 

64 

63 9534 

-0 0466 


1 

66 

65 9465 

-0 0535 


1 

67 

1 66 9479 

-0 0521 



68 

67 9485 

-0 0515 



70 

69 946 

1 


Qa 

31 

69 

r>8 9S2 

-0.048 

1 


71 

70 952 

-0 048 

Ge 

32 

70 





72 




1 

73 

1 




74 

1 




76 



Aa 

33 

75 

74 934 


So 

34 

74 





76 





77 

' 

1 



78 

1 77 938 




80 

79 942 

1 -0 058 



82 


1 

Rp 

35 

79 

78.0440 


D r 


81 

80 9419 

-0 0581 

Kr 

36 

78 

77 945 

-0 055 








82 

81 930 

-0 061 



1 83 

_ — 

- 


Packing 
raction. 
- :i/A 
X 10* 


- 6.4 


7 4 
7.3 

7.5 
7.7 
7.2 

7.6 

8 3 
7.2 
8 5 
8 5 


8 

7 

7 

8 


8 0 
8.5 

7 0 

8 4 

7 C 

8 2 
8 3 
6 8 
7 0 

7 3 

8 1 
7 8 
7 6 

7.7 
7 0 

6.8 


- 8.0 


• 8 0 

- 7 3 

^ 7 1 

- 7 2 

- 7 1 

-74 


Binding 

Enerisy 

per 

Nucleon, 

Mcv 


8.6 


8.0 

8.6 
8 6 
8 7 

8.6 

8.7 

8.7 
8.6 
8 7 
8 7 
8 8 
8 7 
8 7 

8.7 
8 7 
8 8 

8.6 
8 7 
8 7 
8 7 
8 8 
8 6 
8 7 
8.6 
8 7 
8 7 
8 7 
8 7 

8.6 

8.6 


8 8 


8 7 
8 7 

8 6 
8 7 
8 5 

8 6 


Relative 
Abundance, 


% 


0.15 

2.06 

0.0033 

0.19 

100 

7.95 

7.75 

73.45 

5.51 

5.34 

100 

4 49 
83 78 

9.43 
2 30 
100 

5 81 
91.64 

2.21 
0 34 
100 
67.76 
26.16 
1 25 
3.66 
1.16 
69 09 
30.91 

48 89 
27.81 

4 07 
18.61 
0 620 
60.2 
39 8 
20 55 
27 37 
7 61 
36 74 
7 67 
100 
0 87 
0 02 
7 58 
23 52 

49 82 
9 19 

50 5 
49 5 

0 342 
2.223 
11 50 
11 48 


Neutron 

to 

Proton 

Ratio. 

N/Z 


1.150 
1.200 
1.300 
1 400 
1.143 
1 091 
1 136 
I 182 
1.227 
1.273 
1.217 
1.083 
1.167 
1.208 
1 250 
1 200 
1.078 
1.154 
1 192 
1 231 
1.185 
1 071 
1 143 
1.179 
1 214 
1 286 
1.172 
1 241 
1.133 
1.200 
1 233 
1 267 
1 333 
1 220 
1 290 
1 188 
1 250 
1 281 
1 313 
1 375 
1 273 
1 176 
1 235 
1 265 
1 294 
1 353 
1 412 
1.257 
1 314 
1.167 
I 222 
1.278 
1.306 
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CHARACTERISTICS OF THE NATURALLY OCCURRING ISOTOPES* 

(Continued) 







Paektne 

Bindlna 


Neutron 


Nuclear 

Masa 

Isotopic 

Mass 

Fraction. 

Eoericy 

ReUtive 

to 

Symbol 

Charge. 

Number, 

Mass, 

Defect, 

/ - A/A 

per 

AhundftOM. 

Proton 


Z 

A 

M 

1 

1 

X \0* 

Nucleon, 

% 

Ratio, 







Mev 


S/Z 




83 938 

-0.062 

- 7.4 

8.7 

57.02 

1.333 



86 

85 039 

-0.061 

- 7.1 

8 7 

17.43 

1 389 

Rb 

37 

85 





72.8 

1 297 


1 

87* 





27.2 

1.351 

Sr 

38 

84 





0.56 

1.211 


1 

86 





9.86 

1.263 



87 





7.02 

1.289 



88 





82.56 

1.316 

Y 

39 

89 





100 

1.281 

Zr 

40 

90 





51.46 

1.250 


1 

01 





11.23 

1.276 


1 

1 

92 




1 

17.11 

1.300 



94 





17.40 

1 350 



96 


1 



2.80 

1.400 

Nb 

41 

93 

92.926 

-0.074 

- 8.0 

8.7 

100 

1.268 

Mo 

U2 

92 



1 


15.86 

1.190 



94 

93.945 

-0.055 

- 5.8 

8.5 

9.12 

1.238 


1 

9S 

94.946 

-0.054 

- 5.7 

8.5 

15 7 

1.262 



96 

95.944 

-0.056 

- 5.8 

8.5 

16.5 

1.286 


1 

97 

96.945 

-0.055 

- 5.7 

8.5 

9.45 

1 310 

1 

1 

1 

98 

97.943 

-0.057 

- 5.6 

8.5 

23.75 

1.333 


1 

100 

99.946 

-0.055 

- 5.5 

8.5 

0.62 

1.381 

To 

43 



1 

1 




Ru 

44 

96 

95.945 

-0.055 

- 5.7 i 

8,5 

5.68 

1 182 



98 

97.943 

-0.057 

- 5.8 

8.5 

2.22 

1.227 



99 

98.944 

-0 056 

- 5.7 

8.5 

12.81 

1.250 



100 

99.942 

-0.058 

- 5.8 

8.6 ' 

12.70 

1.273 



101 

100 946 

-0.054 

- 5.3 

8.5 

16.98 

1.295 



102 

101.941 1 

-0.059 

- 5 8 

8.5 

31.34 

1.318 



104 

1 




18-27 

1.364 

Rh 

4$ 

103 

102.941 i 

-0.059 

- 5.7 

8.6 

100 

1.289 

Pd 

46 

102 

101.941 1 

-0.059 

- 5.8 

8.6 

0.8 

1 217 



104 

103 941 ' 

-0.059 

- 5 7 

8.5 

9.3 

1.261 



105 

104.942 

-0.058 

- 5.6 

8.5 

22.6 

1 283 



106 

105.941 

-0.059 

- 5.6 

8.5 

27.2 

1.303 



108 

107.941 

-0.059 

- 5 6 

8.4 

26.8 

1.348 

Ac 


110 

109.941 

-0.059 

- 5 4 

8.5 

13.5 

1.391 

47 

107 

106.945 

-0.055 

- 5.1 

8.4 

51.35 

1.276 

Cd 


109 

108.944 

-0.056 

- 5.1 

8.5 

48.65 

1.319 

48 

106 


1 



1,215 

1.208 



108 





0 875 

1.250 



110 





12.39 

1.292 


1 

111 





12.75 

1.313 

. 


112 





24 07 

1.333 


1 

1 

113 





12.26 

1.354 



114 





28.86 

1.375 

In 

So 

49 

50 

116 

113 
115« 

na 

114 





7.58 

4.23 

95.77 

0.90 

0.61 

1.417 

1.306 

1.346 

1.240 

1.280 



115 

114.940 

-0.060 

- 5.2 

8.5 

0.35 

1.300 



116 

115.939 

-0.061 

- 5.3 

8.5 

14.07 

1.320 
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CHARACTERISTICS OF THE NATURALLY OCCURRING ISOTOPES^ 

{Continued) 


Nuelur Mus Isotopic 
Symbol Ch&rge, Number, Mass. 

Z A M 


117 

118 

119 

120 
122 
124 
121 
123 
120 
122 

123 

124 

125 

126 
128 
130 

127 
124 
126 

128 
126 

130 

131 

132 
134 
136 

133 
130 
132 

134 

135 

136 

137 

138 

138 

139 
136 
138 

140 
142 

141 

142 

143 

144 

145 

146 
148 
150 


116.937 

117.937 

118.938 
116.937 
121.945 
123.944 


128.946 


131.946 


138.953 


144.962 
145 962 
147.902 
149.964 


Mus 

Defect. 

& m M - A 

-0.063 
-0.063 
-0.062 
-0 063 
-0.055 
-0.056 


Packing 
Fraction. 
/ - A/A 
X 10‘ 


Binding 

Energy 

per 

Nucleon, 

Mev 


-0.054 


-0.054 


-0.047 


0.038 
0 038 
0 038 
0 036 


Relative 

Abundance, 

% 

T~U 
23.98 
8.68 
33.03 
4.78 
6.11 , 
57.25 
42.75 
0.091 

2.49 
0.89 
4.63 

I 7.01 
18.72 
I 31.72 
34.46 * 

100 
0.094 
0.088 
1.90 
26.23 
4.07 

21.17 
26.96 
10.54 

8.95 

100 

0.101 

0.007 

2.42 

6.50 

7 81 
11.32 
71.06 

0.089 

09.911 

0.193 

0.250 

88.48 

11.07 

100 

27.13 

12.20 

23.87 

8 30 

17.18 
5.72 
6.60 

3.16 

15.07 

11.27 

13.84 


Neutron 

to 

Proton 

Ratio, 

SIZ 

1.340 

1.360 

1.380 

1.400 

1.440 

1.480 
1.373 
1.404 
1.308 
1.346 
1.365 
1.385 
1.408 
1.423 

1.462 
1.500 
1.396 
1.296 
1.333 

1.370 

1.389 
1.407 
1.426 
1.443 

1.481 
1.519 
1.419 
1.321 
1.357 
1.393 
1.411 
1.428 
1.446 

1.463 
1.421 
1.438 
1.345 
1.379 
1.413 
1.448 

1.390 
1 366 
1.383 
1.400 
1.417 
1.433 
1.467 
1.600 

1.323 

1.371 
1.387 
1 403 
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CHARACTEUISTICS OF THE NATURALLY OCCURRING ISOTOPES' 

(CorUinued) 


Symbol 

Nuclear 

Ch&rce, 

Z 

MftM 

Numbtr, 

A 

Iftotopio 

Moas. 

M 

Mftu 

Defect, 

M - A 

Packing 
Fnetion 
/ - A/A 
X 10< 

BindinK 

Enericy 

per 

NueleoD 

Mev 

RelftUvc 

Abundance, 

. % 

Neulroo 

to 

Proton 

Ratio, 

S/Z 



150 





7.47 

1.419 



152* 





26.63 

1.450 



154 





22 53 

1.484 

Eu 

63 

151 





47.77 

mmm 



153 





52 23 

■ig 

Gd 

64 

152 


■■■ 



0.20 

■igl 



254 

163.971 


“ 1.9 

8 2 

2 15 




15$ 

164.071 

-0.029 

- 1.9 

8.2 

U.78 

■la 



156 

155 072 

“0.028 

“ 1.8 

8.2 

20.59 




157 

156.973 

-0.027 

“ 1.7 

8.2 

15.71 

iia 



158 

157 973 

-0.027 

“ 1.7 

8.2 

24.78 

■lil 



160 

159.974 

“0.026 

“ 1.6 

8.2 

21.79 

1.500 

Tb 

66 

159 





100 

■B9 

Dy 

66 

166 





0.0524 

iia 



16S 





0.0902 




160 





2 294 

■fH 



161 





18.88 

1.430 



162 





25.53 

1 455 



163 





34.97 

1.470 

Ho 


164 





28.16 

1.485 

57 

165 





100 

1.463 

Er 


162 





0.1 

1.382 



164 





1.5 

1.412 



166 





32.9 

1.441 



167 

1 




24.4 

1.450 



168 

1 




26.9 

1.471 

Tin 

Yb 


170 


1 



14.2 

1 500 

69 

70 

160 

168 





100 

0.00 

1.448 

1.400 



170 





4.21 

1 420 



171 





U.20 

1.443 



172 





21.49 

' 1.457 



173 





17.02 

1.471 

Lu 

1 

71 

174 

176 

175 

1 




29.58 

13.38 

1.46C 

1.5U 

Uf 

72 

176* 

174 





07.5 

2.5 

I 464 
1.479 



176 

1 99 



1 

1 

1 


0.1$ 

5.30 

1.417 

1.444 



if/ 

1 90 





18.47 

1.45$ 


73 

I/O 

179 

180 

181 





27.10 

13 84 

35 11 

1-472 

1.480 

1.500 

W 

74 

180 





100 

1.480 



182 





0.122 

1.432 



183 





25.77 




184 





14.24 




186 





30.08 

1.487 

Ro 

76 

185 





29*17 

1.513 

Ot 

76 

I87* 

184 





37*07 

62.93 

1.467 

1.403 



186 





0.018 

1.59 

1.421 

1 447 
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CHARACTERISTICS OF THE NATURALLY OCCURRING ISOTOPES* 

(Coniinued) 


Symbol 

Nuclear 

Charge, 

Z 

Mass 

Numbeti 

A 

laotopie 

Maas. 

M 

Maas 

Defect. 

^ ^ M - A 

* 

Packing 
Fraction 
f •A/A 
X 10* 

Binding 

Energy 

1 

Nucleon 

Mev 

Relative 
Abundance, 
, % 

Neutron 

to 

Proton 

Ratio, 

N/Z 



187 






1.64 

1.461 



188 






13.3 

1.474 



189 

189 04 


+ 

2.1 

7.8 

16.1 

1.487 



100 

190 03 

+0 03 

+ 

1.6 

7.8 

26.4 

1.500 



192 

192 04 

+0.04 

+ 

2.1 

7.8 

41.0 


Ir 

77 

191 

191 04 

+0.04 

+ 

2.1 

7.8 

38.5 




193 

193.04 

+0.04 

+ 

2.1 

7.8 

61.5 

1.507 

Pt 

78 

102 






0.78 

1.461 



194 

194.039 

+0.039 

+ 

2.0 

7.8 

32.6 

1.487 



195 

195.039 

+0.039 

+ 

oa 

7.8 

33.7 

1.500 



106 

196.039 

+0.039 

+ 

2.0 

7.8 

25.4 

1.513 

1 


198 

198.05 

+0.05 

+ 

2.5 

7.8 

7.23 

1.538 

Au 

79 

197 

197.04 

+0.04 

+ 

m 

7.8 

100 

1.493 

He 

80 

196 






0.15 

1.450 



198 






10.1 

1.475 



199 






17 0 

1.488 



200 


+0.028 

+ 

1.4 

7.9 

23.3 

1.500 



201 




1 


13.2 

1.612 



202 

1 

1 




29.6 

1.625 



204 


1 




6.7 

1.550 

Tit 

81 

203 

203.05 

+0.05 

+ 

2.6 

7.8 

29 1 

1.506 



205 

205.05 

+0 06 

+ 

2.4 

7.8 

70.9 

1.530 

Pbt 

82 

204 

204 05 

+0.05 

+ 

2 5 

7.8 

1.5 

1.488 


206 

206.05 

+0.05 

+ 

2 4 

7.8 

23.6 

1.512 



207 

207.05 

+0 05 

+ 

2.4 

7.8 

22.6 

1.524 



208 

208.05 

+0.05 

+ 

2.4 

7.8 

52.3 

1.537 

Bit 

83 

209 

209.05 

+0.05 

+ 

2.4 

7.8 

100 

1.518 

Pot 

84 

210* 







1.600 

Alt 

85 

218* 







1.565 

Rot 

86 

222* 







1.581 

Frt 

87 

223* 







1.563 

Rat 

88 

226* 







1.567 

Act 

80 

227* 







1. MO 

Tht 

00 

232* 

232.11 

+0.11 

+ 

4.7 

7.5 

100 

1.577 

Pat 

01 

231* 







1.530 

ut 

02 

234* 






0.0051 

1.543 


235* 

235.12 

+0.12 

+ 

5.1 

7.8 

0.71 

1.554 



238* 

238.12 

+0.12 

+ 

5.0 

7.5 

99.28 

1.587 

Np 

Pu 

93 

94 

239* 







1.543 


* Radioactive. 

t Short-lived* naturally occurring Uotopca not included. 

I Data compiled from following iourcea: 

G T. Seabofg and I. Perlman: Rev. Mcdtm Phys., 10* 6S5 (1948). v, v 

H. A. Bcthe: EhmenKiry Nudtor Thtory, pp. 123-140. John Wiley »nd Sou. New Yo« 

G. FriSaiider and J. W. Kcnncly: /nirerfu^/ion (« Rodiochtmiary. pp. 299-38B. John ^Uey 

and Sons, New York (1949). d w w York 

J. MatUueh: Phytut TMu. pp. 110-120 Intenc.eoce PuWuhen. New Yorlt 

(1946). 








APPENDIX II 

MEMBERS OF THE DISINTEGRATION SERIES 




Isotope 

Symbol 

1 

Z 

A 

Decay 

Half-life 

Energy, 

Mev 

4n (Thorium) Series 

Thorium 

Th 

90 

232 

a 

1.39 X 10‘*y. 

4.20 

Mesothorium 1 

MsTh, 

88 

228 

0- 

6.7y. 

0.053 

Mesothorium 2 

MsThj 

89 

228 

r, y 

6.13 h. ' 

1.55 (r) 

Radiothorium 

RdTh 

90 

228 


1.90 y. 

5.42 (a) 

Thorium X 

ThX 

88 

224 

a 

3.&4d. 1 

5.68 

Thoron 

Tn 

86 

220 

a 

54.5 8. 

6.28 

Thorium A 

ThA 

84 

216 

a (ca. 100%) 

0.158 8. 

6.77 (a) 





0- (0.013%) 



A8tatiQe-216 

At 

85 

216 

a 

3 X 10-«8. 

7.64 

Thorium B 

ThB 

82 

212 

r, y 

10.6 h. 

0.36 (r) 

Thorium C 

The 

83 

212 

r (66.3%). y 

60.5 m. 

2.20 (r) 





a (33.7%) 


6.04 (o) 

Thorium C' 

ThC' 

84 

212 

a 

3 X 10-* a. 

8.78 

Thorium C" 

ThC" 

81 

208 

r. y 

3.1 m. 

1.72 (T) 

Thorium D 

ThD 

82 

208 

none 

stable 



4n + 1 (Neptunium) Series 


Plutonium-241 

Pu 

94 

241 

r 

2.6 X 10* y. 

0.02 

Americium-241 

Am 

95 

241 

«. y 

500 y. 

5.48 (a) 

Neptuniuro-237 

Np 

93 

237 

a 

2.25 X 10* y. 

4.73 

Protactinium-233 

Pa 

91 

233 

r, y, e- 

27.4 d. 

0.23 or) 

Uranium-233 

U 

92 

233 

a, 7, «- 

1.63 X 10* y. 

4.82 (a) 

Thorium-229 

Th 

90 

229 

a 

7 X 10* y. 

4.85 

Radium-225 ' 

Ra 

88 

225 

r 

14.8 d. 

0.2 

Actinium-225 ' 

Ac 

89 

225 

a 

10.0 d. 

5.80 

Francium-221 

Fr 

87 

221 

a 

4.8 m. 

6.30 

Astatine-217 

At 

85 

217 

a 

0.020 s. 

7.02 

Bismuth-213 

Bi 

83 

213 

a (2%) 

0- (98%) 

47 m. 

5.86 (a) 
1.2 03-) 

Polonium-213 

Po 

84 ' 

213 

a 

10-« 8. 

8.34 

ThaUium-209 

•n 

81 

209 

r 

2.2 m. 

1.8 

Lead-209 

Pb 

82 

209 

0- 

3.3h. 

0.68 

Bismuth 

Bi 

83 

209 

1 

none 

stable 
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MEMBERS OF THE DISINTEGRATION SERIES (Coniinued) 


Isotope Symbol Z 



Decay 


Half-life 


4n 4* 2 (Uranium) Series 


3 (Actinium) Scries 


Energ)’, 

Mev 


Uranium I 

UI 

92 

238 

a 

4.51 X 10»y. 

Uranium Xi 

UXi 

90 

234 

r, y 

24.5 d. 

Uranium Xt 

UX, 

91 

234 

7, I.T. 

1.14 m. 

Uranium Z 

UZ 

91 

234 

r,y 

6.7 h. 

Uranium 11 

UII 

92 

1 

234 

« 

2.33 X 10»y. 

Ionium 

lo 

90 

230 

o, y 

8.3 X I0<y. 

Radium 

Ra 

88 

226 

o, y 

1590 y. 

Radon 

Rn 

86 

222 

a 

3,825 d. 

Radium A 

RaA 

84 

218 

a (99.97%) 
r (0.03%) 

3.05 m. 

Astatine-218 

At 

85 

218 

a 

few 8. 

Radium B 

RaB 

82 

214 

P~, y 

26.8 m. 

Radium C 

RaC 

83 

214 

r (99.96%), 7 
a (0.04%) 

19.7 m. 

Radium C' 

RaC' 

84 

214 

a 

1.5 X 10-'8. 

Radium C" 

RaC" 

81 

210 

r 

1.32 m. 

Radium D 

RaD 

82 

210 

r, y 

22 y. 

Radium E 

RaE 

83 

210 

1 

r (ca. 100%) 
a (5 X l0-»%) 

5.0 d. 

Radium F 

RaF 

84 

1210 

Of, y 

140 d. 

Radium E" 

RaE" 

81 

206 

r 

4.23 m. 

Radium G 

RaG 

82 

206 

none 

stable 


4.2 

0.190(^-) 
2.32 05-) 
0.45 (T) 
4.76 
4.66 (a) 
4.29 (a) 

5.49 

6.00 (a) 

6.72 
0.65 (r) 
3.15 (r) 

5.50 (a) 
7.68 
1.80 

0.025 (r) 
1.17 (D 
4.87 (a) 

5 


Actinouranium 

AcU 

1 

92 

235 

«. y 

7.07 X 10* y. 

Uranium Y 

UY 

90 

231 

0~. y, «“ 

24.6 h. 

Protactinium 

Pa 

91 

231 

Of, y 

3.2 X lO'y. 

Actinium 

Ac 

89 

227 

r(98.8%), 

a (1.2%) 

13.5y. 

Radioactinium 

RdAc 

90 

227 

a, y 

18.9 d. 

Actinium K 

AcK 

87 

223 

r, y 

21 m. 

Actinium X 

AcX 
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Abundances of elements, crustal, 30-32 
Abundances of isotopes, 28-20 
Acetic acid, physical constants, 311 
Acetic anhydride, physical constants, 3^ I 
Acid-base behavior, characteristics, 306 
in gas phase,- 334 
at high temperatures, 332-334 
Br 0 nsted-Lowry approach, 333 
examples, 332-334 
Lewis approach, 333-334 
phenomenological criteria, 306 
relationship to oxidation-reduction, 
331-332 

Acid-base catalysis, 334-335 
Acid-base concept, applications, 331-335 
Bjerrum’s correlation, 328 
Br0n8ted-Ix»wry concept (protonic 
concept), 309-321 
historical development, 307-308 
Lewis electronic theory, 326-329 
advantages and disadvantages, 

328-329 

definitions, 320-327 
examples, 327 

and the phenomenological criteria, 

328 

Lux-Flood concept, 321-322 
modem approaches, 308-330 
protonic concept, 309-321 
in aqueous solutions, 310-311 
conjugate acid, 310 
conjugate base, 310 
definitions, 309-310 
equilibria, 310 
limitations, 321 

in non-aquoous solutions, 311-312 
relationship to salt hydrolysis, 311 
strengths of acids and bases, 312- 
321; see also Acid-base strength 
types of acids and bases, 310-311 
recapitulation, 330 
solvent systems theory, 322-326 
advantages and disadvantages, 326 
auto-ionization of solvents, 322-323 
definitions, 323 

neutralization reactions, 323, 324 
non-protonic solvents, 323-326 
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Acid-bxse concej)!. llsanovich rotjeept, 
329-330 

advantuROi^ and disudvaiitiigi's, 3:i0 
^ definitions, 329 
examples, 330 

water-ion (Arrlicnius) cotu*« j)t, 308 
309 

Arid-base strength, 312-321 
in aprolic solvents, 316-318 
in aqueous solutions, 313-316 
equilibrium considerations, 313 
cvahiJition, nunmrical, 313-315 
of hydrated cations, 321 
of hydro acids, 318-319 
indicators, use of, 316-318 
numerical values, aqueous solutions, 

314-315 

of oxy acids, 319-321 

calotilation of constants, 320 321 
rules, 320 

relationship to dielectric constant. 318 
relationship to electrotmgativity, 319- 
321 

relationship to solvent type, 315-318 
strong acids, 315-318 
trends, aqueous solution, 318-321 
Acids and bases, 306-336 
Actinide contraction, 150, 191 
effects of, 150, 901 
numerical data, 150 
Actinide elements, see also Inner tran¬ 
sition elements 
absorption spectra, 901 
electronic configurations, 104, 109 
magnetic properties, 898 
oxidation states, 896-897 
periodic relationships, 910 
properties, physic^ and chemical, 
892-895 

Actinium, see Actinide elements 
Actinium (4n + 3) decay series, 62, 65, 
918 

Actinon, 374 
Activity, definition, 285 
Activity coefficient, 285 
Albite, structure, 728 
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Alkali metal compounds, 831-843 
amides. 577 
azides, 837 

borohydrides, 782-786 
carbides, 697 
complexes, 838-839 
cyanides, 718 
halides, 831-832 
hydrides, 406-408 
hydroxides, 835 
nitrides, 837 
oxides, 835 
peroxides. 508-511 
selenides, 837 
silicates, 722 
sulfides, 837 
superoxidcs, 508-510 
tellurides, 837 
ternary salts, 837 
Alkali metals, 818-844 
abundances, 818 

chemical characteristics, 822, 823 
family relationships, 818-822 
oxidation potentials, 296 
physical constants, 819 
preparation and production, 822, 824 
vapors, complexity, 821-822 
Alkaline earth metal compounds, 856- 
864 

borides, 770-773 
carbides, 697-698 
hydrides, 406-408 
peroxides, 508-511 
superoxides, 508-509 
Alkaline earth metals, 845-867 
abundances, 845 

chemical characteristics, 848-850 
family relationships, 845-848 
physical constants, 846 
preparation and production, 851 
vapors, complexity. 848 
Alloys, natures of, 220-223 
Alpha particle, characteristics, 10 
emission, 57 
scattering, 11-12 

Alumina, see also Aluminum, oxide 
technical recovery, 740-741 
Aluminates, 756-757 

fluo-, see FIvioaluminatcs 
Alumino silicates, structures, 727-729 
Aluminum, chemical characteristics, 

739-740 

oxidation states, 736-737 
physical constants, 735 
preparation and production, 740-741 


Aluminum compounds, alkoxides, struc¬ 
tures, 743 

alkyls, structures, 742-744 
antimonide, 757 
arsenide, 757 
carbides, 697, 698, 759 
complexes, 765-768 
halides, tri-, physical constants, 745 
properties, 750-751 
structures, 742-743 
bond distances, 750 
dimerization, 750 
hydride, 742, 775, 778 
hydroxides, 756 
lakes, 768 
nitride, 578, 758 
oxide. 754-756 
forma, 754 

gem quality, 754-755 
hydrates, 755-756 
oxyhalides, 751 
phosphide, 757 
selenide, 757 
sulhde, 757 

Aluminum coordination number, 760 
Alums. 539-541 
crystalline forms, 539, 541 
examples, 540 
formation, 539 
non-sulfate, 539 
structure, 499 

Americium, see Actinide elements 
Amide group, 570 
Amides, metal, 576-577 
Amine sulfonic acids (salts), 550-552 
disulfonic acid, 552 
monosulfonic acid, see Sulfamic acid 
trisulfonic acid, 552 
Ammonia, 575-582; see fjho Hydro- 
nitrogens, Metallic state, Nitrogen 
system, &lvents (non-aqueous) 
catalytic oxidation, 594 
liquid, 349-352 
physical constants« 341 
preparation, 575 
structure, 201, 575 
hydrogen bond, 188-191 
Ammonium compounds, 576 
Ammonium halides, thermal stabilities, 
622 

Ammono compounds, 571 
Amphibole, structure, 726 
Analcite, structure, 728 
Antibasc, 328 

Anti-isomorphous materials, 578 
Antimonates, 639 
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Antimonites, 639 

Antimony, see also Nitrogen family 
chemical characteristics, 568 
physical constants, 557 
preparation, 568 

Antimony compounds, halides, 626-628 
oxides, 635-636 
oxy acids (salts), 639 
suifide.s. 656 

Antimony modifications, 566-567 
gas, 5G6 
liquid. 506 
solid, 560-567 
Anti-neutrino, 9, 10 
Aquamarine, 725 
Aquation, 235 

Aquo-ammono compounds, 571 
Aquo cations. 408 
acid strengths, 321 
Aquo compounds, 571 
Argon, chemical characteristics, -boron 
trifluoride system, 379-380 
hydrate. 381 
•quinol clathrate, 382 

discovery, 374 
physical constants, 375 
Arsenates, 639 

Arsenic, see also Nitrogen family 
chemical characteristics, 568 
physical constants, 557 
preparation, 568 

Arsenic compounds, halides, 626-628 
oxides, 635 
oxy acids (salts), 639 
sulfides, 656 

.Arsenic modifications, 566-567 
gas, 566 
liquid, 566 
solid, 566-567 
Arsenites, 639 

Asbestos minerals, structure, 726 
Ascharite, structure, 810 
.Astatine, 417-418 
Asterism, 755 
Atmophilic elements, 29 
Atmosphere, composition, 383 
Atomic crystals, 213 
Atomic number, 14 
Atomic structure, Bury's views, 87 
Langmuir's views, 86, 87 
valence models, 86 
Atomic theory, modem, 10-15 
Atomic volumes, 129-132 
applications, 132 
curve, 130-131 
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Atomic volumes, relationship to peri¬ 
odic classification, 113 
Atomic weights, chemical, 33 
evaluation, 33-35 
constancy in nature, 35 
from gas densities, 36 
physical, 33 
evaluation, 33 

relationship between scales, 34 
Atome, complexity, 5 
components, 6-10 
jelly-like (Thomson), 11 
nuclear (Rutherford), 11 
Aurates, 842 
Asides, 585-588 
Aiidocsrbondiaulfide, 469-470 
Asidodithiocarbonate, sts Halogenoids 
Azino silver chloride, 474 

Barium, su also Alkaline earth metals 
chemical characteristics, 849, 850 
physical constants, 846 
preparation, 851 
Barium compounds, azide, 860 
complexes, 861 
halides, 856. 857 
nitride, 860 
oxide, 858 
peroxide, 859 
salts, 861 
selenide, 859 
sulfide, 859 
telluride, 859 
Basic salts, 498, 503 
classification, 503 

Basicity, oxides and hydroxides, 602- 
503 

Bauxite, 754 
Bayer process, 740 
Bayerite, 765, 756 
Benitoite, 725 

Berkelium, see Actinide elements 
Berlin green, 720, 721 
Berlinate ion, 721 
Beryl, structure, 725 
Beryllium, see also Alkaline earth metals 
chemical characteristics, 848-850 
physical characteristics, 846-847 
prepsu^tion, 851 

Beryllium compounds, azide, 860 
beryllates, fluo-, see Fluoberyllates 
borohydride, 782. 783, 784, 785 
carbide, 697, $61 
complexes, M2-864 
*‘basic” compounds, 863 
beryllated species, 863 
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Beryllium compounds, complexes, halo 
862 . . 
halides, 856 
nitride, 860 
oxide, 858 
salts, 861 
selcnide, 859 
sulfide, 859 

Beta emission, 54, 55, 57 
Bidentate groups, 237 
Binding energies, nuclear, 59-61 
numerical values, 911-916 
Bismuth, see also Nitrogen family 
chemical characteristics, 568 
physical constants, 557 
preparation, 568 

Bismuth compounds, halides, 626, 627 
oxides, 636 
oxy acids (salts), 639 
sulfide, 656 

Bismuth modifications, 566-567 
gas, 566 
liquid, 566 
solid, 566-567 
Bodecker reaction, 604 
Bohmite, 755, 756 
Bohr magneton, 168 
Bohr theory, 81-84 

Bonds, chemical, see also Covalent bond, 
Ionic bond. Metallic bond 
classification, 175, 225-226 
definition, 171 
Boracite, structure, 811 
Boraoes, 774; see also Boron hydrides 
Borates, fiuo*, see Fluoborlc acids 
hypo- , 812, 816 
oxy, 808-811 
meta, structures, 810-811 
ortho, structure, 809 
penta, structure, 811 
pyro, structure, 810 
structures, 809-811 
tetra, structure, 810 
types, 809 

peroxy, see Peroxyborates 
peroxyhydrated, 515 
sub-, 813, 816 
Borax, structure, 810 
Borazanes, 798 
Borazenes, 798 
Borazole, 8(K)-807 
comparison with benzene, 801, 802 
physical constants, 801 
preparation, 806-807 
properties, 803-806 
structure, 800, 802 


Borazole analogs, 807 
Borazole derivatives, halo, 803-804 
methyl, 801, 802, 803-807 
Borazynes, 798 
Borides, metal, 769-773 
classification, 769-770 
compositions, 770 
preparation, 773 
properties, 772-773 
structures, 770-772 
Borines, amino, 799-800 
borine carbonyl, 780-781 
triborinetriamine, see Borazole 
Bom-Haber cycle, 184-186 
applications, 18^186 
to alkali metal compounds, 831 
to coinage metal compounds, 820- 
821 

to electron affinity evaluation, 162 
to oxidation potential data, 294- 
297 

to oxides, 5(X) 

to platinum metal nobility, 888 
to solubility, 342-343 
Borohydrates, 813-816 
isomeric forms, 814-816 
relationships among, 815 
structures, 815-816 
Borohydrides (metal), 782-786 
examples, 782 
preparation, 785-786 
properties, 782-784 
structures, 784-785 

Boron, chemical characteristics, 739-740 
oxidation states, 736-737 
physical constants, 735 
preparation, 738, 740 
Boron compounds, acetate, 817 
arsenate, ortho-, 816-817 
carbide, 698-699, 759 
cationic compounds, 816-817 
complexes, 760-765 
fluo, see Fluoboric acids 
oxy, 763-765 
halides, sub-, 749 
tri-, 744-749 

acceptor properties, 747, 7^8 
chemical characteristics, 746-747 
physical properties, 744, 745 
preparation, 747-749 
stnicture, 745-746 
trifluoride 2-hydrate, 762 
hydrides, 773-795 
chemical characteristics, 775-776 
derivatives, 786-795 
physical constants, 774 
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Boron compounds, hydridcss, prepara¬ 
tion, 776-778 
structures, 786-795 
hydrides (specific compounds), di- 
hornnc, alkyl derivatives, 778- 
779 

ammonia “addition” com- 
potmds, 779-780 
borane salts. 781 
borinc coordination compounds, 
780-781 

borohydrides, s« Borohydridcs, 
metal 

chemical characteristics, 775-776 
physical constants, 774 
preparation, 776-777 
structure, 778-793 
pcntaborane (stable), structure. 
795 

nitride, 578, 767-758 
nitrogen compounds, 795-807 
. aliphatic analogs, 797-800 
aromatic analogs, 800-807; see also 
Borazole 

compound B*H|N, 795-797 
silyl derivatives, 796, 798, 799 
oxides, 752-753 
boric oxide, forms, 752-763 
hydrates, 808 
structure, 811 
miscellaneous oxides, 7U 
oxy acids (salts), 808^16; see also 
Borates 

boric acids (salts), 808-811 
poly. 808, 811 
preparation, 811 
properties, 811 
structure, 808-809 
types, 80^810 
lower acids (salts), 812-816 
oxyhalides, 751 
phosphate, ortho-, 816-817 
sclenide, 754 
sulfates, 817 
sulfide, 753-754 

Boron coordination number, 750 
Boron family, 734-817 
abundances, 734 

chemical characteristics, 739-740 
family relationships, 735-737 
modifications, free elements, 738-739 
oxidation states, 736-737 
physical constants, 735 
preparation and production, 740-741 
Boron family compounds, 741-769 
carbides, 759 


Boron family compounds, catenation, 
742 

complexes, 759-768 
electron-deficient, 742-744 
halides, 744-751 

oxygen family derivatives, 752-757 
nitrides, 757-758 
salts, 759 

Boron modifications, 738-739 
amorphous, 738 
crystalline, 738-739 
Boronatrocalcite, structure, 811 
Boronium compounds, 765 
Borosilicates, 811 
Boryl compounds, 816-817 
Boulc, 755 

Bragg’s substitutional procedure, 136 
Brillouin zones, 219 
relationships to Hume-Rothery ratios, 
222-223 

Bromamioes, 591 
Bromates, 441 
Bromazidc, 473 

Bromides, 426; see also Halides 
Bromine, see also Halogens 
abundance, 417 

chemical characteristics, 42(M21 
physical constants, 419 
preparation and production, 424-425 
Bromine compounds, see also Halogen 
compounds 
cationic, 462, 463 
chloride, mono- , 447, 448-449 
fluorides, mono-, 447, 448 
penta-, 447, 452, 453 
tri-, 447, 450-451, 453; see also 
Solvents (non-aqueous) 
oxides, 434-435 

oxy acids, see Halogen compounds, 
Oxy acids 

Bromine isotopes, concentration, 46 
Bnicite, structure, 724 

Cadmium, chemical characteristics, 849- 
851 

oxidation potentials, 850 
oxidation states, 852 
physical constants, 847 
preparation and production, 852 
Cadmium compounds, complexes, 864- 
867 

halides, 856, 857-858 
oxide, ^9 
salts, 861 
selenide, 859 
sulfide, 859 
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Cadmium compounds, telluride, 859 
Calcium, see also Alkaline earth metals 
chemical characteristics, 849, 860 
physical constants, 846 
preparation, 851 
Calcium compounds, azide, 860 
carbide structure, 698 
complexes, 864 
halides, 856, 857 
hydride, 406, 407, 408, 412 
nitride, 860 
oxide, 858 
salts, 861 
selenide, 859 
sulhde, 859 
telluride, 859 

Calcium ion, sequestration, 650, 653 
Californium, see Actinide elements 
Calutron, 40 
Canal rays, 8 
Carbides (metal), 696-7(K) 
covalent. 69^99 
interstitial, 699-700 
ionic, 697-698 
acetylides, 697-698 
allylides, 698 
methanides, 697 
Carbon, bond energies, 672 
chemical characteristics, 670 
physical constants, 662 
preparation, 670-671 
Carbon blacks, 668, 671 
Carbon compounds, see also Carbon 
family compounds 
halides, mqnofluoride, 667-668 
tetrahalides, 678-679 
oxides, dioxide, 668-690 
physical constants, 214 
preparation, 690 
properties, 688-689 
structure, 195, 689 
monoxide, 685-687; su also Car¬ 
bonyls (metal) 

chemical characteristics, 686-687 
physical constants, 214 
preparotion, 687 
structure, 686 . 
pentacarbon dioxide, 694 
suboxide, 694 

oxy acids (salts), nitrogen deriva¬ 
tives, 572 

peroxy. 508, 513-514 
sulhdes, 695 
thiocarbonates, 695 
Carbon family compounds, 671-696 
catenation, 671-673 


Carbon family compounds, halides. 
678-685 

hydrides, 673-678 
nitrogen compounds, 696 
oxygen compounds, 685-695 
sulfur compounds, 695-696 
Carbon family elements, 681-733 
abundances, 661 
chemical characteristics, 670 
family relationships, 662-664 
modifications, 664-670 
oxidation potentials, 664 
oxidation states, 663-664 
physical constants, 662 
preparation and production, 670-671 
Carbon isotopes, concentration, by ex¬ 
change reactions, 50, 51 
by thermal diffusion, 45 
Carbon modifications, 664-669; su also 
Diamond, Graphite 
"amorphous,” 668, 670 
microcrystalline, 668 
Carbonyl compounds, amide, su Urea 
cyanide, 689, 690 

halides, 689-690; see also Solvents 
(non-aqueous) 
selenide, 689 
sulfide, 689-690 

Carbonyl halides (metal), 714-716 
examples, 714 
preparation, 714 

properties, 714-716 ^ 

Carbonyl hydrides (metal), 711-714 
bond distances, 703 
examples, 711 
preparation, 713-714 
properties, 712-713, 714 
structures, 705-706 
Carbonyls (metal), 599, 709-717 
bond distances, 703 
chemical characteristics, 708 
derivatives, amine-substituted, 716 
cyano derivatives, 717 
examples, 706, 707 
polynuclear, 703-705 
preparation, 708-711 
selenium derivatives, 717 
structures, 701-706 
sulfur derivatives, 717 
Carborundum, 698 
Castner-Kellner cell, 424 
Catenation. 569 
Cathode rays, 6-7 
Olsian, structure, 728 
Ceria, 891 
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Cerium, tu Lanthanide elements 
Cesium, see also Alkali metals 
chemical characteristics, 822, 823 
physical constants, 819 
Chalcophilic elements, 29 
Charcoal, 668, 671 
Charge to mass ratios, 7, 8 
Chelate structures, 237-242 
examples, 238-240 
importance, 240-242 
Chiolite, structure, 766 
Chloramines, 590-591 
Chlorates, 441; see also Chlorine, Oxy 
acids 

Chlorazidc, 473 
Chlorides, see also Halides 
in preparation of chlorine, 423-424 
properties, 182, 426 
Chlorine, see also Halogens 
abundance, 417 

chemical characteristics, 420-421 
oxidation states, 418-419 
physical constants, 419 
preparation and production, 423-424 
Chlorine compounds, cationic. 462 
lialides, monof.uoride, 447, 448 
trifluoride, 447, 450-451 
oxides, 431-434 
dioxide, 432-433, 440-441 
heptoxide, 434 
hexoxidc, 433-434 
monoxide, 431-432 
physical constants, 431 
tetroxide, 434 

oxy acids, 437-438; «ee also Halogens, 
Oxy acids, Chlorates, Chlorites, 
Hypochlorousacid (salts), Per¬ 
chloric acid (salts) 
oxidation potential data, 438 
properties, 438 

Chlorine isotopes, concentration, 42, 45, 
46, 48, 52 

Chlorites, 440-441; see also Halogens, 
Oxy acids 

Chromium, see Transition elements 
(periodic group Via) 

Chromium compounds, carbide, 699 
carbonyl (hexa-), 703, 707, 708, 709 
carbonyl amines, 716 
peroxy acids (salts), 508, 514 
Chromium family borides, 770, 772 
Chrondrodite, structure, 724 
Chrysoberyl, 757 
Chrysotile, structure, 726 
Clathrate compounds, 223-224 
of inert gas elements, 382-383 


Clay minerals, structure, 728 
Cobalt, see also Transition elements 
(periodic group VIII) 
oxidation potential data, 302 
Cobalt compounds, carbide, 699 
carbonyl hydride, 711-714 
carbonyls, 707 

complexes, tripositivc cobalt, see alxo 
Chapter 7 

chloroammines, 228-229 
isomerism, 247-269 
nomenclature, 244 
stabilization, 301-302 
(Coinage metal compounds, azides, 837 
carbides, 697 
complexes, 839-843 
halides. 832-835 
nitrides, 837 

oxidation states, characteristics, of 
+ 1. 826-828 
of +2, 828-830 
of +3. 830-831 

oxygen family compounds, 835-837 
phosphides, ^7 
salts, 837-838 
Coinage metals, 818-844 
abundances, 818 

chemical characteristics. 822, 823 
family relationships, 81^822 
oxidation potential data, 825 
oxidation states, 821, 825-831 
physical constants, 819 
preparation and production, 824 
Coke, 671 

Colemanite, structure, 811 
Color, relationship to covalence, 211 
Complex compounds, see Coordination 
compounds 

Complex ions, detection in solution, 
277-278 

factors affecting formation, 234-242 
Complexes, normal, 227 
penetration, 227 

Ckmrdinate covalent bond, 193, 232 
nature, 232-233 
orbital hybridization, 233 
Coordination, in diborane structure, 791 
coordination compounds, 227-279 
applications, 278 

electronic interpretations, 232-234 
factors affecting formation. 234-242 
isomerism. 247-270; see also Isomer¬ 
ism, coordination compounds 
nomenclature, 242-246 
systematic approach to, 228-232 
Werner’s theory, 229-230 
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Coordination number, chemical, 143, 

' 23(r-- 

crystallographic, 143 
Coordination sphere, 231 
Copper, see also Coinage metals 
chemical characteristics, 822, 823 
oxidation potential data, 303, 825 
oxidation states, 821, 82^830 
physical constants, 819 
preparation and production, 824 
Copper compounds, carbonyl com¬ 
pounds, 706, 708, 716, 840 
complexes, 833, 839, 841-842 
halides, copper(I), ^2-833 
copper(Il), 833 
hydride, 414-415 

oxidation states, characteristics, of 
-hi, 826, 827, 828 
of +2, 828 
of +3. 830 
oxides, 835, 836 
seletiides, 837 

sulfate, structure of 5-hydrate, 498- 
499 

sulfides, 837 
tellurides, 837 

Copper isotopes, concentration, ^ 
Copper(II) stereochemistry, 257 
Corundum, 754 
Covalence, definition, 175 
maximum values, 200 
Covalent bond, 19^215 
atomic orbitals, 200-201 
directional characteristics, 200-205 
electron pair, 193-104 
electronic formulation, 192-193 
Helferich’s rules, 204-205 
from hybrid orbitals, 202-203 
nature of, 196-200 
oxidation numbers in, 211-212 
partial ionic character, 205-208 
relationship to electronegativity, 
206-208 
summary, 208 
values, 206-207 

polarization, 208-210; see also Fa- 
jans's rules 

from pure orbitals, 201-202 
strength, 203-204 
theoretical approaches, 196-200 
Heitler-London theory, 196-197 
Hund-Mulliken theory, 197-198 
Pauling-Slatcr theory, 199-200 
unpaired electrons, 196 
Cristobalite, 691, 692 
Cross section, nuclear, 67 


Cryolite, structure, 766 
Cryolithionite, structure, 766 
Crystal structures, 178-180 
Crystal systems, 179, 180 
Curie law, 168 
Curie-Weiss law, 168 
Curium, see Actinide elements 
Cyanamide process, 575 
Cyanides (metal), 717-721 
complex, 718-721 
covfiient, 718 
heavy metal, 720-721 
ionic, 718 

(!)yanogen, 466-467; see also Halo- 
genoids 

Cyanogen halides, 471-473 
Cyanuric compounds, 472 

Dalton’s atomic theory, 5, 110 
Deacon process, 424 
Defect lattices, 225 
Degenerate gas, 377 
Deuterides, 393; see oiso Hydrides 
Deuterium, 387-394; see also Hydrogen 
isotopes 

chemic^ characteristics, 390-391 
discovery, 387 

exchange reactions involving, 390- 
391, 392 

ortho-para equilibrium, 396-397 
ortho-para forms, 391 
ortho, physical constants, 397-398 
physical characteristics, 389, 390 
separation, by diffusion, 43 
by electrolysis, 387-389 
Deuterium compounds, see also Hydro¬ 
gen compounds 
oxide, 391-494 
peroxide, 507 

Deuteron, characteristics, 10 
Diamagnetic behavior, 165-166; see 
also Magnetic behavior 
definition, 165 
examples, 166 
source, 165-166 
Diamond, 664-666, 668-689 
properties, 665-666 
relationship to graphite, 668-669 
structure, 133, 665 
synthetic, 669 
Diaspore, 754, 755, 756 
Diastereoisomers, 266 
Dielectric constant, definition, 339 
relationship to solubility, 343 
relationship to solute behavior, JWU, - 

340 
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DihydrolioranoR, 774-775; set also Bo¬ 
ron hydridf^ 

I>io|)si«le. structure, 736 
Dip«)lc attractions, 187 
Dipole niomciit. origin, 186 
reliitionsliip to bond cimracter, 206 
relationship to electronegativity, 186 
Dipoles, definition, 186 
in inert gas atoms, 376 
in inert gas compounds, 381 
relationship to paramagnetism, 166 
Ddbereiner’s triads, 110 
Diilnng and Petit law, 34 
Dysprosium, see Lanthanide elements 

Earth, age of, 63 

Effective atomic numlier concept, 233- 
234 

applied to carbonyls, 706 
applied to nitrosyls, 590-000 
Einstein equation, 59 
Electrodeposition, non-aqueous sol¬ 
vents, 367-368 
Elcctrodotic character, 332 
Electron(s), anti-bonding, 198 
bonding, 198 
characteristics of, 6-7, 10 
designations in atoms, 90 
designations in molecules, 198 
momentum, angular, 8l, 82 
non-bonding, 198 
solvated, 348 
wave properties, 7 
Electron affinity, 16I-I62 
definition, 161 
numerical magnitude, 162 
Electron-deficient compounds, 213-214; 
see also Aluminum, Boron, Gallium 
compounds 

Electron orbits, Bohr (circular), 81 
Sommcrfcld (elliptical), 84-te 
Electronegativity, 162-164 
applications, 164 
evaluation, 162-163 
numerical magnitude, 163 
periodic variations, 164 
relationship to acid-base strength, 
319-321 

relationship to hydride type, 405-406 
relationship to ionic character, 206- 
208 

relationship to oxidation number, 281 
trends, 163-164 

Electronic configurations, atoms, 92-102 
occupancy of quantum levels, 91-92 
quantum designations, 88-108 


Electronic configurations (ionic), 176- 
177 

Electronic configurations (non-ionic), 177 
Electrophilic character, 332 
Electrostatic attractions, miscellaneous, 
186-187 

Electrostatic bonds, 178-192 
Elcctrovalence, 176 
Electrovalent bond, see Ionic bond 
Elements, types of, 102-106 
Emerald, 725 
Energy, radiant, 80, 82 
Energy equivalent of mass, 59 
Energy levels, electronic, 81, 88 

diagrammatic representation, 94, 
95 

in hydrogen atom, 153 
molecular, 197-198 
nuclear, 55-56 
Enstatite, structure, 726 
Entropy, 295 

Equivalent groups, 340, 570 
Erbium, see Lanthanide elements 
Europium, see Lanthanide elements 
Exchange reactions, isotope separations, 
49-52 

equilibrium constants, 49-50 
Exclusion principle (Pauli), 91 

Fajans's rules, 209-210 
Felspars, structure, 728 
Ferromagnetic behavior, 165 
Ferrous metal borides, 770, 772 
Ferrous metals, see Transition elements 
(periodic group VIII) 
FluooJuminatcs, 776 
Fluoberyllate, tetra-, 862 
Fluoboric acids (salts), 760-763 
dihydroxy, 762-763 
monohydroxy, 762 
tetra, 760-761 

Fluophosphoric acids (salts), 634-635 
di-. 635 
hexa-, 635 
mono-, 634-635 
Fluosilicic acid (salts), 680 
Fluosulfonic acid (salts), 524-525 
Fluoramines, 590 
Fluorides, 426; see also Halides 
acid, 189, 422-423, 428 
Fluorination of covalent halides. 428 
524 

Fluorine, see also Halogens 
chemical characteristics, 420, 421 
physical constants, 419 
preparation and production, 422-423 
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Fluorine compounds, 9U alto Halogen 
compounds 
nitrate, 463 
oxy acids, 437 
perchlorate, 4G3 
Formulas, electronic, 175 
Francium, 818; su alto Alkali metals 
Free energy, 284 
Free energy change, 298, 299 
Fremy’s salt, 213, 555 
Frenkel defects, 225 

Gadolinium, su Lanthanide elements 
Gallium, chemical characteristics, 739- 
740 

oxidation potential data, 736 
oxidation states, 736-737 
physical constants, 735 
preparation, 741 

Gallium compounds, antimonide, 757 
arsenide, 757 
complexes, 765-769 
halides, physical constants, 745 
preparation, 751 
properties, 750, 751 
structures, 750 
hydride, 742, 775, 778 
nitride, 758 
oxide, 757 
phosphide, 757 
selenide, 757 
sulfide, 757 
Gamma radiation, 57 
Geochemistry, 29 
Oermanates, 693-694 
Germanes, see Germanium compounds, 
hydrides 

Germanium, chemical characteristics, 
670 

physical constants, 662 
preparation, 671 

Germanium compounds, tee alto Car¬ 
bon family compounds 
halides, 679, 681 
hydrides, 673, 676-677 
nitride, 696 
oxides, 688, 693, 694 
peroxy acid (salts), 508, 514 

sulfides, 695-696 
thiogermanates, 696 
Germanium modifications, 669 
Giant molecules, 213, 578 
Gibbsite, 754, 755, 756 
Gmelin reaction, 603 


Gold, tee alto Coinage metals 
chemical characteristics, 822, 823 
oxidation potential data, 825 
oxidation states, 821, 825-831 
physical constants, 819 
preparation, 824 

Gold compounds, tee also Coinage metal 
compounds 

carbonyl compounds, 716, 840 
complexes, 718, 830, 842, 843 
halides, 832, 833, 834 
oxidation states characteristics, of 
+ 1,827 
of +2, 829-830 
of +3, 831 
oxides, ^6 
sulfides, 829, 837 
tellurides, 837 
Graham's salt, 650, 652 
Graphite, 665, 666^69 
properties, 666-668 
reactions, layer separation, 666-668 
with acids, 667 
with halogens, 667-668 
with iron(III) chloride, 668 
with oxidizing agents, 666-667 
with potassium, 666 
relationship to diamond, 668-669 
structure, 665, 666 
in covalent nitrides, 578 
Graphitic acid, 667 
Graphitic oxide, 667 
Graphitic salts, 667 
Grignard reagent, 861 
Grimm’s hydride displacement law, 
415-416 

Haber process, 575 

Hafnium, see Transition elements (pe¬ 
riodic group IVa) 

Hafnium carbide, 699, 700 
Halamines, 590-591 
Halazides, 473-474 
Half-bond, in diborane structure, 791 
Half-life period, 58 
Halides, 425-429 
complex, 428-+29 
covsJent (acid), 426-428 
ionic (salt-like), 425-426 
Hall process, 740 
Halogen compounds, 425-480 
bond types, 418-419 
interhalogens (interhalogen com¬ 
pounds), 444-453 
oxy acids (salts), 437-444 
halic acids (halates), 441 
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Halogen compounds, oxy acids (salts), 
halous acids (halites), 440-441 
bypohalous acids (hypohalites), 
430-440 

peihalic acids (perhalat«8), 441- 
444 

oxygen compounds, 420-437 
polyhalidcs, 453-460 
Halogenoids, 463-480 
comparisons with halogens, 464-465 
definitions, 464 

free halogenoids, 464, 466—470 
ions, 464, 465 

non-metal derivatives, 475-480 
oxidizing-reducing powers, 465 
Halogens, 417-463 
abundances, 417 
in aqueous solutions, 421 
chemical characteristics, 420-421 
colors, 410-420 

electropositive characteristics, 460- 
463 

family relationships, 418-420 
oxidation potential data, 206, 421 
oxidation states, 413-410 
physical constants, 419 
preparation, 422-425 
trends, 418-420 

Hambergite, structure, 800-810 
Harkiiis’s rules, 26-28 
Heat of formation, 184-186 
Heitler-London theory, 196-197 
Helferich's rules, 204-M5 
Helidcs, 378-379 

Helium, see aho Inert gas elements 
discovery, 374 

liquid forms, 376-377; see also Helium 
I and Helium II 
phase relationships, 377 
property changes, 376 
transition, 376, 377 
occurrence in nature, 374, 383 
physical constants, 375 
preparation and production, 384 
Helium I, 376, 377 
Helium II, 376-377 
limitation to 4-isotope, 377 
physical characteristics, 376-377 
structure, 377 
theory, 377 

Helium isotopes, concentration by 
superfiuid flow, 49 
Hdium molecule-ion, 378 
Hemimorphite, structure, 726 
H6roult process, 740 


Heteropoly acids (salts), 274-276 
compositions, 274 
definition, 273 

theories, Miolati-Rosenheim, 274-275 
structural, 275-270 
types, 274 

x-ray studies, 275-276 
Hculandite, structure, 728 
Holmium, see Lanthanide elements 
Homoatomic anions, 732-733 
Hooker cell, 424 
Hume-Rothery ratios, 222-223 
relationship to Briliouin zones, 222- 
223 

Hund-MuUiken theory, 197-198 
Hydrates, hydrous, 501 
Hydrazine, 582-5^; see aUo Solvents 
(non-aqueous) 

oxidation. 583-584, 588-589 
physical constants, 341 
preparation, 584-585 
properties, 353, 354, 582-584 
structure, 582 
Hydrazine hydrate, 585 
Hydrazine salts, 5^, 585 
Hydrazinium compounds, 583 
Hydrazoic arid (salts), 585-580; see also 
Azides 

preparation, 588-589 
properties, 586-587 
reduction, 573 
structure, 585-586 
Hydride ion, oxidation, 408 
Hydrides, 403-416; see also specific 
hydrides 
association, 189 
classification, 404-406 
covalent (molecular), 404-405, 400 - 
411 

examples, 409 
preparation, 409—410 
properties, 404-405, 410-411 
structures, 410 
densities, 407 

Grimm’s displacement law, 415-410 
heats of formation, 407 
metallic (interstitial), 404, 405, 411- 
415 

compositions, 411, 412, 413 
stabilities, thermal, 413 
structures, 411 
physical properties, 190, 191 
saline (salt-like), 404, 406-409 
applications, 408 
ionic characteristics, 406-407 
preparation, 406 
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Hydrides, saline (salt-like), properties 
404. 407-408 
structures, 406 
Hydrogen, 386-416 
absorption by metals (occlusion), 411 
applications, 403 
chemical characteristics, 401, 402 
general chemistry, 400-403 
periodic classification, 386 
physical constants, 390, 401 
preparation, 401-403 
varieties, 386-400 
Hydrogen (anionic), 400 
Hydrogen (atomic), 398-400 
chemical characteristics, 399-400 
formation, 398-399 
stability, 399 
Hydrogen (cationic), 400 
Hydrogen (combined), 400 
Hydrogen (covalent), 400 
Hydrogen (molecular), 395-398 
ortho and para forms, 395-398 
ortho-para equilibrium, 396-397 
ortho-para separation, 396, 398 
para, characteristics, 397-398 
Hydrogen (nascent), 400 
Hydrogen bond, 187-191 
in diborane, 789 
directional characteristics, 191 
examples, 189-191 
experimental approaches, 191 
limitations, 188 
nature, 189 

origin and recognition, 187-188 
relationship to electronegativity, 188 
relationship to size, 189 
strength, 188 
in water structure, 496 
Hydrogen bridge, in diborane, 789-793 
in higher boron hydrides, 793-795 
Hydrogen compounds, association, 189 
azide, 6U Hydrazoic acid 
bromide, see Hydrogen compounds, 
halides 

chloride, see Hydrogen compounds, 
halides 

cyanide, physical constants, 341 
structure, 717 

fluoride, see aUo Hydrogen com¬ 
pounds. halides; Solvents (non- 
aqucous) 

physical constants, 341 
structure, 428 
halides. 427^28 

preparations, 427-428 
properties, 427-428 


Hydrogen compounds, iodide, see Hy¬ 
drogen compounds, halides 
peroxide, 504-507 
chemical characterwtics, 505-506 
derivatives, 507-515 
physical properties, 504 
preparation, 506-507 
structure, 504 
selenide, 494 

sulfide, physical constants, 341 
telluride, 494 

Hydrogen ion, characteristics, 403 
Hydrogen isotopes, see aUo Deuterium, 
Tritium 

characteristics, 386-387 
concentration and separation, 43 
47, 49. 50-51, 52, 387-389 
Hydrogen molecule-ion, 212 
Hydronitrogens, 573-574; see aUo Am¬ 
monia, Hydrazine, Hydrazoic acid 
saturated, 673-574 
unsaturated, 573-574 
Hydroperoxides, 507 
Hydroxides, 498, 500-503 
acid-base characteristics, 501 
hydrous, 501 

Hydroxylaroine, 580-582; see alto Sol¬ 
vents (non-aqueous) 
physical constants, 341 
preparation, 581-582 
properties, 352, 580-581 
Hydroxylamine sulfonic acids (salts), 
554-555, 581-582 
nomenclature, 554 
properties, 554-555 
structures, 554 
Hydroxyl bond, 192 
Hydroxyl radical. 506 
Hypochlorous acid (salts), 439-440 
Hyponitrous acid (salts), 613-615 
Hypophosphoric acid (salts), 640, 643- 
644 

preparation, 644 
properties, 643-644 
structure, 643 

Hypophosphorous acid (salts), 639,640, 
641-642 

preparation, 641-642 
properties, 639, 641 
structure, 639 

Illites, structure, 728 
Imidc group, 570 
Imides (metal), 576, 577 
Indium, chemical characteristics, 739- 
740 
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Indium, oxidation potential data, 736 
oxidation states, 736-737 
physical constants, 735 
preparation, 741 

Indium compounds, antimonidc, 757 
. arsenide, 757 
borate, ortho- , 809 
complexes, 765-708 
halides, physical constants, 745 
preparation, 751 
properties, 750-751 
structures, 750 
nitride, 758 
oxide, 757 
phosphide, 757 
sclenide, 757 
sulfide, 757 
telluride, 757. 

Inert gas atoms, electronic arrange¬ 
ments, 86, 88, 102 

Inert gas configurations, stabilities, 155, 
176 

Inert gas element compounds, 378-383 
aluminum(III) halide derivatives, 
382 

clathrate compounds, 382-383 
coordination compounds, 379-380 
deuterohydrates, 381-382 
under excited conditions, 378-379 
hydrates, 381-382 
induced dipole attractions, 381-382 
interstitial penetration, 379 
phenol derivatives, 382 
Inert gas elements, 373-385 
applications, 385 
chemical behaviors, 378-383 
history, 373-374 
occurrence, 383-384 
periodic classification, 374 
physical characteristics, 375-377 
recovery from atmosphere, 384 
structures, 376 
Inert pair, 177 
Inner complexes, 270-272 
Inner transition elements, 891-910; 
sec also Actinide elements, I.an- 
thahidc elements 
abundances, 892 

electronic arrangements, 103-106 
electronic arrangements, character¬ 
istics related to, 895-901 
color and absorption spectra, 898- 
901 

contraction effects, 146-151, 901 
magnetic properties 168-170 897- 
898 


Inner transition elements, electronic 
arrangements, oxidation stales, 
895-897 

physical and chemical character¬ 
istics, 892 895 
physical constants, 893 
Inorganic benseno, 802; see also Ik)ra- 
zotc 

Inorganic chemistry, nature and scope, 
3-4 

Inorganic graphite, 758; see alto Boron 
compounds, nitride 

Inorganic rubber, 633; see also Phos¬ 
phorus compounds, phosphonitrilic 
halides 

Interhalogen compwunds, 444-463 
compositions, 444-445 
formation, 445 
nomenclature, 446 
physical constants, 447 
structures, 445-446 
type XX', 446-449 
type XX',, 449-451 
type XX',, 452 
type XX',. 452-453 
Interhalogen-halogonoids, 471-474 
Interhalogenoids, 474-475 
Intermediate phases, 221-223 
Hume-Rothery ratios, 222-223 
Intermetallic compounds, 221 
Intentitial compounds, 221 
borides, 769-773 
carbides, 699-700 
hydrides, 411-416 
nitrides, 579 
lodates, 441 
lodazide, 473 

Iodides, 426; see also Halides 
Iodine, see aUo Halogens 
chemical characteristics, 420-421 
oxidation states, 418-419 
physical constants, 419 
preparation and production, 424-425 
solutions, properties, 420 
Iodine compounds, cationic, 435-437, 
460-162 

iodine(I) compounds, 461-462 
iodine(ni) compounds, 430-437, 
460-461 

halides, heptafluoridc, 452-453 
iodine-chlorine system, 450 
monobromide, 447, 449 
monochloride, 447, 449, 450 
pentafluoride, 452 
trichloride, 445, 447, 450, 451 
oxides, 435-437 
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Iodine compounds, oxides, pentoxide, 
436 

salt-like oxides, 436-137 
oxy acids (salts), 441,443-444; see 
aiso Halogens, oxy acids. lo- 
dates. Periodic acids (salts) 
oxidation potential data, 438 
lodyl compounds, 436-437 
Ion aggregation, high temperature, 334 
solution, 266-267 

Ion deformation, see Ion polarization 
Ion-electron half-reactions, 281-284 
conventions, 283-284 
formulation, 282-284 
relationship to electrode processes 
282 

use in oxidation-reduction, 283-284 
Ion exchange, in isotope separations, 51 
in lanthanide separations, 907-908 
Ion polarization, 208-210; see also 
Fajans’s rules 
factors affecting, 209-210 
relationship to bond character, 209 
Ionic bond, 178-186 
characteristics, 181-182 
formation, 178 
nature, 178 

thermochemical relationships, 184- 
185 

Ionic potential, 210-211 
Ionium, identity with thorium, 20 
Ionization potential, 152-161 
applications, 161 
definition, 152-153 
factors affecting, 153-154 
numerical magnitudes, 156-159 
periodic variations, 160 
Iridium, see Transition elements (peri¬ 
odic group VIII) 

Iridium carbonyls, 707, 710 
Iron, see also Transition elements 
(periodic group VIII) 
oxidation potential data, 302 
Iron compounds, carbide, 699, 700 
carbonyl amines, 716 
carbonyl halides, 714, 715 
carbonyl hydride, 711-713 
carbonyls, enneacarbonyl, 703-704, 
707, 711 

pentacarbonyl, 703, 707, 708 
tetracarbonyl trimer, 704-705, 707, 
710 

hexacyanoferrates, 720-721 
Isobars, 25, 55; see also Mattauch’s rule 
Isomeric transition, 56, 57 


Isomerism, coordination compounds 
247-270 

cis-trans, coordination number 4 , 254 
coordination number 6, 261-264 
coordination, 248-249 
coordination position, 251-252 
geometrical, 253-270; olso Stereo- 
isomerism 
hydrate, 249 
ionization, 250 
miscellaneous types, 252 
optical, coordination number 4, 255 
optical coordination number 6, 264- 
267 

origin, 264 

in polynuclear complexes, 266-267 
relationship to covalence, 266 
resolution of enantiomorphs, 265- 
266 

rotary powers of complexes, 265 
Walden inversion, 267 
polymerization, 247-248 
stereo, 253-270 
structural (salt), 250-251 
valence, 252 

Isomerism (nuclear), 55-57 
Isopoly acids (salts), 276-277 
anion aggregation, 276-277 
definition, 273 
structural data, 277 
theories, Copaux-Miolati, 276 
Jander, 277 
Isosteric groups, 214-215, 509 
Isotopes, 19-52; see also individual 
elements 

abundances, 26-28, 911-916 
concentration and separation, 38-52 
centrifugal methods, 45-47 
chemical methods, 49-52 
diffusion methods, 41-45 
distillation methods, 47-48 
electrolysis methods, 49 
electromagnetic methods, 40-41 
exchange methods, 49-52 
ion migration methods, 48 
thermal diffusion methods, 44-45 
definition, 20 

detection and study. 21-25 
enrichment factor, 40 
existence of, 19-20 
generalizations concerning, 25-29 
numerical properties, 911-916 
separation factor, 39 
Isotopic masses, from nuclear rections, 
68-69 

numerical values, 911-910 
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Isotopic weight, 32 

Jadeitc. structure, 726 

Kaolinites, structure, 728 
A’-clectron capture, 54. 55, 57 
Kcrnite, stnicture, 810 
Knorre’s salt. 050 

Krypton, see also Inert rhs elements 
chemical characteristics, -boron tri- 
fluoride system. 380 
deuterohydrate. 381 
hy<lratc, 381 
phenol derivative. 382 
•quinol clathratc, 382 
discovery, 374 
phy.sical constants. 375 
Kurrol's salt, 650, 651, 652 

Lambda(X)-poirit, 40. 376, 377 
Langevin law, 168 

LanthaTiide contraction. 146-151, 901 
effects of, 150-151, 901 
numerical data, 147 
origin, 146 

Lanthanide elements, see also Inner 
transition elements 
abundances, 28, 31 
chemical characteristics, 894-895 
color and absorption spectra, 898-901 
contraction effects. 150-151, 901 
oxidation states. 895-896, 902-005 
"anomalous," 895 
systematization, 896 
periodic relationships, 909-910 
physical constants, 893 
recovery from monazite, 905-906 
separation procedures, M6-909 
basicity procedures, 907-908 
complex formation, 907-908 
ion exchange, 907-908 
precipitation, 907 
crystallization procedures, 906-907 
extraction procedures, 909 
miscellaneous procedures, 908 
oxidation-reduction procedures, 
908-909 

Lanthanide elements (electronic con¬ 
figurations), 103-104 
Jjanthanide elements (isotopic compo¬ 
sitions), 28 

I-anthanide metal borides, 770, 771, 772 
Lanthanide metal carbides, 697-698 
Lanthanide metal hydrides, 407 
lanthanide metal ions, magnetic mo¬ 
ments, 170 


I^nthanons, ste Lanthanide elements 
Lanthanum, see Inner transition ele¬ 
ments; Lanthanide elements; Tran¬ 
sition elements (periodic group 
Ilia) 

Lattice energy, application to solu¬ 
bility, 342 
calculation of. 183 
definition. 181 
factors affecting, 183 
in polyhalidc formation. 455 
I/;ad. chemical characteristics, 670 
physical constants, 662 
preparation, 671 

Lead compounds, see also Carbon family 
compounds 
halides, 681-682 
hydrides, 673, 678 
oxides. 688, 693, 694 
polyplumbides, 732-733 
sulfide, 695 

Lead modiflcatioiis, 670 
Lithium, see also Alkali metals 
chemical characteristics, 822, 82;i 
physical constants, 819 
Lithium compounds, see also Alkali 
metal compounds 
aluminum hydride, 777, 786, 787 
borohydride.srcBorohydridcs (metal,' 
boromethoxide, 784 
fluoride, 831 
gallium hydride, 786 
hvdride, 406, 407, 408, 412 
nitride. 578, 837 

Lithium isotopes, concentration, 48, 51 
Lithophilic elements, 29 
Lutetium, see Lanthanide elements 

Madclung constant. 183 
Maddrell's salt, 650, 652 
"Magic numbers," 19 
Magnesium, see also Alkaline earth 
metals 

chemical characteristics, 849 
physical constants, 846 
preparation and production, 851 
Magnesium compounds, see also Alka¬ 
line earth metal compounds 
azide, 860 
boride. 770, 773 
hydrolysis, 776. 813-815 
carbide, 698 
cjjmplexcs, 864 
halides, 856-857 
nitride, 860 
oxide, 858 



Subject Index 


Magnesium compounds, salts, 861 
selenide, 859 
sulfide, 859 
tcUuride, 859 

Magnetic behavior, relationship to un¬ 
paired electrons, 166 
types of, 165 

Magnetic fields, effects on materials, 
165 

Magnetic moment, calculation, 168 ' 
definition, 165 
orbital contribution, 167 
relationship to electron motion, 165 
relationship to unpaired electrons, 
168-169 

spin contribution, 167 
Magnetic permeability, calculation, 167 
definition, 167 

Magnetic properties, 165-170 
relationship to stereochemistry, 256- 
257 

Magnetic susceptibility, calculation, 
167 

definition, 167 
temperature, 168 

Manganese, see Transition elements 
(periodic group Vila) 

Manganese compounds, boride, 770, 
772, 773 
carbide, 699 
carbonyl, 706, 707 
Manhattan District (Project), 74 
Mass defect, 36-38 
definition, 36 
numerical values, 911-916 
Mass number, 17 

Mass spectra, isotopic abundances 
from, 22-24 

photographic record, 23-24 
positive ion current record, 22-23 
typical, 24 

Mass spectrograph, Aston type, 23-24 
characteristics, 25 

Mass spectrometer, characteristics, 25 
Dempster type, 22 
Mattauch’s rule, 55, 62 
Maximum multiplicity, principle of, 93 
relationship to paramagnetic be¬ 
havior. 166 

Mecke-Childs factor, 33 
Mellitic acid, 667 

Mendel<^eff’s periodic system, 112-117 
postulations, 113, 115 
predictions, 117 
Mercurous ion. 853-855 


Mercury, 845 

chemical characteristics, 849-851 
oxidation potential data, 850 
oxidation states, 853-855 
physical constants, 847 
preparation and production, 852, 858 
Mercury cells, in chlorine production, 
424 

Mercury compounds, complexes, 864- 
867 

cyanide, 861 
halides, 856, 858 
nitrogen compounds, 860-861 
oxidation states, characteristics of, 
853-855 

equilibrium between, 853 
oxides, 859 
salts, 861 
selenide, 859 
sulfide, 859 
telluride, 859 

Mercury isotopes, concentration, 47-48 
Mesons, discovery, 9 
role in nuclear forces, 18, 52 
synthesis, 9 
types, 9, 10 

Metallic bond, characteristics, 217 
electronic concept, 217-220 
relationship to other bonds, 220 
species possessing, 220 
Metallic state, 216-223 
physical characteristics, 216-217 
Metals, see also Alloys, Metallic state, 
individual elements 
basicities of, 331 

liquid ammonia solutions, 217-218 
Methanol, physical constants, 341 
Methylamine, physical constants, 341 
Meyer’s periodic system, 112-113, 114 
Mica, structure, 727, 728 
Millon’s base, 860 
Mohs’s hardness scale, 579 
Molecular compounds, 227 
Molecular orbitals, 197-198 
in diborane structure, 791 
Molecular volumes, 129-132 
Molybdenum, see Transition elements 
(periodic group Via) 

Molybdenum compounds, blues, 881 
carbides, 699, 700 
carbonyl (hexa-), 703, 707, 708, 709 
peroxy acids (salts). 508, 514 

Monazite, treatment for lanthanitle ele¬ 
ments, 905-000 
Monox, 687 
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Montmorillonite, structure, 728 
Muscovite, structure, 728 

Natrolite, structure, 729 
Negatron, see Electron 
Nelson cell, 42i 

Ncodyniium, see Inner transition ele¬ 
ments, l>onthanide elements 
Neon, see also Inert gas elements 
discovery, 374 
pliysical constants, 375 
Neon isotopes, concentration, 42, 43, 47 
Neptunium, see Actinide elements 
Neptunium (4n + 1) decay series, 02, 
04, 917 

Ncssicr’s reagent, 801, 805 
Neutrino, 9. lO 

Neutron, see also Nuclear fission 
characteristics, 8, 10 
discovery, 8 

nuclear forces involving, 52 
role in nucleus, 17, 18 
thermal, 72, 73 
Neutron capture, 72 
Neutron emission, 54 
Neutron moderators, 72 
Neutron-proton ratios, 52, 54 
Newlands’s law of octaves, 112 
Nickel, see Transition elements (periodic 
group VIII) 

Nickel compounds, carbide, 099 
carbonyl (tetra-), 601, 700, 702,703, 
707, 708, 709-710 
carbonyl amines, 716 
stereochemistry, 256-257 
Niobium, see Transition elements (peri¬ 
odic group Va) 

Niobium compounds, carbide. 699, 700 
peroxy acids (salts), 508, 514 
Nitracidium cations, 609, 610 
Nitrates, 613, 617-020 
Nitration reactions, 610 
Nitric acid (salts), 613,617-620; see also 
Solvents (non-aqueous) 
oxidation potential data, 620 
preparation, 594, 619 
properties, 618-619 
reduction, 573 
structure, 617-618 
Nitride group, 570 
Nitrides (metal), 677-580 
covalent, 578-579 
interstitial (metallic), 579 
ionic, 578 
Nitrogen, 556 

chemical chnmcteristies, 568 


Nitrogen, physical constants, 214, 557 
preparation and production, 568 
Nitrogen compounds, see also specific 
compounds, e.g., ammonia 
halides, 589-591 

bromide ammoniatc, 591 
chloride, 589-590 
flouridcs, 589-590, 591 
iodide ammoniatc, 591 
hydrides, see llydronitrogens 
oxides, 591-613 
dinitrogen hexoxide, 012-613 
dinitrogen pentoxide, 592, 608-609; 

see also Nitronium compounds 
dinitrogcn Ictroxide, 592, 605-608; 

see also Solvents (non*aqucous) 
dioxide. 592, 605-608 
examples, 591 

nitric oxide, 592, 593-605; su also 
Nitrosyl compounds 
nitrous oxide, 214, 592-593 
physical constants, 592 
sesquioxide, 592, 605 
trioxide, 612, 613 
oxy acids (salts), 613-620 
examples, 613 

hyponitrous (salts), 013-616 
nitric (salts), 573, 694, 613, 617- 
020 

nitrous (salts), 613, 615-617 
peroxy (salts), 508, 612-013 
sclenide (tetra), 550 
sulfides, 547-550 
disulfide, 550 
pentasulfide, 550 
tetrasulfide, 547-550 
Nitrogen family, 556-600 
abundances, 556 
catenation, 509-570 
chemical characteristics, 508 
electronic arrangements, 558 
family relationships, 557-550 
modifications, 559-567 
oxidation states, 558-559 
physical constants, 557 
preparation, 568 

Nitrogen isotopes, concentration, 50. 51 
Nitrogen modifications, 559-561 
active, 560-561 
molecular, 559-500 

Nitrogen system of compounds, 570-573 
Nitronium compounds, 609-612 
examples, 610-611 
preparation, 611, 612 
properties, 609-612 
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Nitronium ion, 596. 608, 609-611, 618 
in dinitrogen pentoxide, 608-609 
evidences for, 609-611 
Raman frequencies for, 608, 609, 610 
structure, 611 
N’itroprussides, 603 
Nitrosyl anion, 595, 598, 599, 604 
Nitrosyl cation. 595-598, 599-600 
evidences for, 59^596 
solvation, 596 

Nitrosyl compounds, 595-605 
anionic, 598 

carbonyls, 598, 599, 600-601, 703, 705 
physical constants, 601 
preparation, 601 
structure, 600. 601, 703, 705 
cationic, 595-598 
examples, 595 
preparation, 597-598 
properties, 597-598 
coordination, 598-605 
classi6cation, 600-605 
type M»(NO),A„ 601-602 
type M‘‘(NO).A„, 603 
type M«'J(NO),A„ 603 
type (MA»(NO)l±» 603-604 
miscellaneous, 604-605 
structures, 596-600 
halides, 595, 596-597 
physical constants, 597 
structures, 597 
salts, 595, 598 
thio, 602, 603 

Nitrosyl displacement series, 602 
Nitrosyl group, 598-600 
Nitrosylium ion, gee Nitrosyl cation 
Nitrosyls, metal, 601 
halides, 601-602 
hydroxides, 601 
thio compounds, 602 
Nitrous acid (salts), 613, 615-617 
preparation, 615, 617 
properties, 616-617 
Nitryl halides, 611-612 
Non-aqueous solvents, gee Solvents 
(noo'squeous) 

Non-electrostatic bonds, 192-215 
Non-polar linkages, 206 
Non-stoichiometric compounds, 224- 
225 

Norite, 667 

Noselite, structure, 729 
Nuclear compositions, 17-19 
Nuclear decoy processes, 54-55, 57 
Nuclear fission, 72-76 
chain reaction, 75-76 


Nuclear fission, critical mass, 75 
energy release, 74-75 
history, 72, 73 
"liquid drop” approach, 73 
natural, 74 
yields, 74 
Nuclear forces, 18 
Nuclear fusion, 68, 69 
Nuclear reactions, 66-77 
alpha-induced, 70, 71 
bombarding particles, 67 
capture type, 69 
deuteron-induced, 70, 71 
energetics, 68 
fission type, 69 
fusion type, 69 
gamma-induced,. 70, 71 
history, 66 

neutron-induced, 70, 71 
notation, 67-68 
particle-particle type, 69 
proton-induced, 70, 71 
spallation type, 69 
theory, 67 
types. 69, 70, 71 
Nuclear stability, 52-77; eu algo Radio¬ 
activity 
Nucleonics, 76 
Nucleons, 18 
Nuclides, 26 

Odd molecules, 212-213 
Oleum, 538. 541-542 
Olivine structure, 724 
One-electron bonds, 212 
"Onium" salts, high temperature acids, 
332-333 

Oppenheimer-Phillips reaction, 71 
Optical activity, gee aUo Isomerism, 
optical 

dependence upon wavelength, 267, 
268 

molecular rotation, 265 
rotatory dispersion, 267, 268 
specific rotation, 265 
Orbital electron capture, 54 
Orbital hybridiialion, 201-203 
in 4-coordinate complexes, 256-267 
in 6-coordinate complexes, 259-281 
Orbitals (atomic), 90 
dependence upon n and I, 96 
directional characteristics, 106-108 
order of occupancy, 93-97 
Orbitals (molecular), 197-198 
Orpiment, 656 
Orthoclase, structure, 728 
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Osmium, aee Transition elements (peri¬ 
odic group VIII) 

Osmium carbonyls, 707, 710, 711 
Ostwald process, 594 
Oxidation, 280-281 
Oxidation number, definition, 179 
magnitude, 170-180 
Oxidation potentials, 284-305 
of alkali metals. 206 
applications, 207-305 
Uorn-Habor treatment, 2'.)4-207 
combinations of half-reactions, 297- 
290 

concentration effects, 291-292 
conventions. 285 

evaluation of equilibrium constants, 
200-300 
of halogens, 296 

liydrogen ion concentration effects, 
292-293 

magnitudes, 290-297 
numerical values, 286-290 
origin, 284-285 
reaction predictions. 207 
relationship to electronegativity, 293 
signs. 285. 290 

stabilization of oxidation state, 300- 
305 

standard values, 285 
Oxidation states, in covalent com¬ 
pounds. 281 
definition. 179 
stabilization, 300-305 
by coordination, 301-305 
examples, 301 

oxidation potential data, 302-304 
by precipitation, 301-305 
Oxides. 500 
hydrous, 502 
Oxy acids, 498 
Oxycyanogen, 470 

Oxygen, chenacal characteristics, 492- 
493 

physical constants, 482 
preparation, 493 
Oxygen family, 481-555 
abundances, 481 

chemical characteristics, 492-493 
family relationships, 481-484 
modifications, free elements, 484—492 
physical constants, 482 
polymerization, free elements, 482- 
483 

preparation and production, 493 
Oxygen family hydrides, physical con¬ 
stants, 494 


Oxygen fluorides, 430-431 
difluoridc. 430 
monofluoride, 431 

Oxygen isotopes, concentration, 47, 62 
Oxygen modifications, 484—487 
atomic, 484-485 
diatomic, 482 
tctratomic, 483, 487 
Ozone, 485-487 

preparation. 480-487 
properties, 486 
structure, 486 

Packing fraction, 36-38 
definition, 36 

in evaluation of atomic weights, 38 
numerical values, 37, 911-916 
significance, 38 

Palladium, $u Transition elements 
(periodic group VIII) 

Palladium carbonyl balides, 716 
Palladium hydride, 413-414 
Paracyanogen, 466 

Paramagnetic behavior, definition, 165 
examples, 166-167 
source, 166 

temperature dependence, 166 
Parathiocyanogen, 467 
Particles, atomic, 6-10 
Pauling-Slater theory, 199-200 
Perbromic acid, non-existence, 444 
Perchloric acid (salts), 441-443 
preparation, 442 
properties, 442-443 
Periodic acids (salts), 443-444 
dimeso-, 443 
meso-, 443 
meta-, 443 
para-, 443 
preparation, 444 
properties, 443- 444 

Periodic classification, aee alao Mendel- 
tSeff’s periodic system, Meyer’s 
periodic system 
bases for, 117-119 
conventions in, 125-126 
electronic forms, 123-126 
essentials of, 120 
families in, 125 
geometrical forms, 121 
historical development, 110-117 
long form, 121-123 
modem trends, 120-125 
periods in, 126 
series in, 126 
Permutit, structure, 729 
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Peroxides, 507-511 
examples, 508 
nomenclature, 507 
preparation, 510-511 
properties, 500-510 
Peroxy acids (salts), 511-515 
examples, 508, 512 
nomenclature, 511 
preparation, 513-515 
properties, 512-513 
structures, 511-512 
Peroxyboric acid (salts). 514 
Peroxycarbonic acids (salts). 508, 514 
Peroxychromic acids (salts), 508, 514 
Peroxyhydrates, 515 
Peroxynitric acid (salts), 612, 613 
Peroxyphosphoric acids (salts), 508, 
512-514. 641 

Peroxysulfuric acids (salts), 508, 512- 
514 

Phenacite, structure, 724 
Phlogopite, structure, 728 
Phospham, 660 

Phosphates, see aUo Phosphoric acids 
condensed, 640, 645, 646. 648-654 
meta-, 640, 645-646, 649-654 
cyclic, 650-652 
glasses, 652-654 
acidic properties, 653 
hexameta-, 653 
insoluble, 652 
nomenclature, 649-650 
phase relationships, 650 
relationships among types, 651 
ortho-, 640, 648 
poly- , 640, 645, 646, 648-654 
pyro-, 640, 645-646, 648-649 
phase relationships, 650 
tri- , 640. 645^46, 648-649 
phase relationships, 650 
Phosphites, see Phosphorous acids 
Phosphoric acids, 640, 645, 646-648; 
see also Phosphates 
hydration-dehydration relationships, 
646 

pure acids, 647-648 
strengths, 646-647 
strong, compositions, 647 
structures, 645 

Phosphorous acids (salts), 640, 642-643 
preparation, 643 
properties, 642-643 
structures, 642 

Phosphorus, chem ica! characteristics, 
568 

physical constants, 557 


Phosphorus, preparation, 568 
Phosphorus compounds, halides, 623- 
629 

numerical constants, 624 
penta-, 624. 626, 628 
structures, 626, 628 
tetra-. 624, 628-629 
tri-, 624, 625-626 
structure, 625 

halogen-containing acids, 634-635 
hydrides, 621-623 
diphosphine, 623 
phosphine, 621-623 
solid hydride, 623 
nitrides, 658 

nitrogen compounds, 658-660 
oxides, 635-639 
dioxide, polymeric, 636-637 
hexoxide, 638-639 
pbosphoni8(lII) oxide, 636 
phosphorus(V) oxide, 637-638 
polymorphic forms, 637 
structure, 637 
trioxide, 63&-639 

oxy acids (salts), 639-654; see also 
Hypophosphoric acid, Per- 
ozyphosphoric acids, Phosphoric 
acids. Phosphorous acids 
ammono, 65&^60 
types, 640-641 
oxy halides, 629-632 
physical constants, 630 
preparation, 629, 632 
structures, 629, 631 
oxy sulfide, 656-657 
pbosphonitrilic halides, 629, 630, 631, 
632-634 

physical constants, 630 
polymerization, 632-633 
preparation, 633-634 
structures, 632-633 
phosphonium halides, 621-622 
thermal stabilities, 622 
pseudo halides, 625 
sulfides, 654-656 
physical constants, 655 
preparation, 656 
properties, 655 
structures, 654-655 
sulfo halides, 629, 630, 631, 632 
sulfur compounds, 654-658 
thio acids (salts), 657-658, 660 
Phosphorus modifications, 561-565 
gaseous, 561-562 
liquid, M2-563 

vapor pressure relationships, 562 
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Phosphorus modifications, phase rela¬ 
tionships, 5GI 5G5 
soli<l, 503-501 
blnck, 504 
red, 503 
scarlet, 504 
violet, 563-564 
white. 503 

Pile, chnin reacting, 76 
Plagioclose felspars, structure, 728 
Platinum, see Transition elements 
(periodic group VIII) 

Phitinum comiKJunds, carbonyl halides. 
715-716 

diiK>sitive. stereochemistry, 254-256 
hclide, 379 

Platinum metals, see Transition ele¬ 
ments (periodic group VIII) 
Plumbancs, see Lend compounds, hy¬ 
drides 

Plumbates, 694 

Plutonium, see also Actinide elements 
production. 76 
Polar linkages, 206 
Polonium, see Oxygen family 
discovery, 61 

Poly acids (salts), 273-277; see also 
\ Hcteropoly acids, Isopoly acids 
Polyanionic aggregation, 276-277, 518 
among group IVb elements, 732-733 
among phosphates, 646 
Polyanions, vs. intermediate phases, 
732 

Polydentate groups, 237 
Polyhalido-halogcnoids, 470-471 
Polyhalides, 453-460 
examples, 454 
formation, 453-454 
phase rule studies, 457-458 
properties, 456-457 
structures, 455-450 
theory, 454-455 
thermal stabilities, 455, 456 
type X,”, 458-459 
type XXV, 459-160 
type XX'X'V, 460 
Polyhalogcnoids, 470-471 
Polymolybdates, 273-277 
Polynuclear complexes, 272-273 
nomenclature, 243 
optical isomerism, 266-267 
Polyplumbanes, 678 
Polyplumbidcs, 732-733 ' 
Polystannanes, 678 
Polystannidcs, 732-733 
Polysulfidcs, 618 
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Polysulfuric acids (salts), 542 
Polytungstates, 273-277 
Polyvunadates, 273, 274, 277 
Positive rays, analysis, 21-25 
generation, 8 
paralK)lic recording, 21 
Positron, characteristics, 9, 10 
discovery, 8 
emission, 54, 65, 57 
role in nucleus, 18 
Potassium, see also Alkali metals 
chemical characteristics, 822, 823 
physical constants, 810 
preparation, 824 

Potassium isotopes, concentration, 48 
Praseodymium, see I^anthanide elements 
Precipitates, hydrous, 501-502 
isoharic dehydration, 501 
precipitation pH. 502-503 
Properties, non-periodic, 118 
periodic, 118 

theoretical evaluation, 119 
Protactinium, see Actinide elements 
Proton, characteristics, 7-8, 10 
emission, 55 
nuclear forces, 62 
role in nucleus, 17, 18 
Protonated double bond, 213 
in boron hydrides, 790, 793-794 
Protit’s hypothesis, 5. 110 
Prussian blue, 720-721 
Pseudo-halogens, see Haiogenoids 
Pseudo inert gas structures, stabilities, 
155 

PyrophilHte, structure, 727, 728 
Pyroxene, structure, 725-726 

Quanta, 80 

Quantum numbers, 89-91 
azimuthal, 84, 89-90 
•magnetic, 90 
principal, 84, 89 
spin, 91 

subsidiary, 89-90 
Quantum theory, 79, 80-81 
Quartz, 691, 692 

Radial distribution curves, 128, 129 
Radiation, discontinuous nature, 79-80 
Radii (atomic), 132-136 
Radii (covalent). 132-136 
bond multiplicity and, 133 
constancy, 133 
determination, 132-133 
effect on ionization potentials, 154 
factors affecting, 133-134 
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Radii (covalent), magnitudes, 135 
normal valence, 134 
octahedral, 134 
square, 134 
tetrahedral, 134 
Radii (crystal), 138 
Radii (ionic), 136-145 
calculated, 137-139 
determination, 136-137 
empirical, 137 
factors affecting, 143-144 
graphic representation, 148-149 
magnitudes, 139, 140-142 
relationship to charge, 151 
theoretical evaluation, 145 
univalent, 138 
Radii (metallic), 134 
Radii (van der Waals), 145-146 
Radioactive decay, 58-59 
Radioactive decay chains, 58 
Radioactive decay series, 62-66, 917- 
918 

characteristics, 63 
memberships, 917-918 
periodic relationships, 64-65 
Radioactive displacement laws, 63, 66 
Radioactive equilibrium, 58-59 
Radioactivity (artificial), 66-77 
applications, 77. 
discovery, 66 

Radioactivity (natural), 61-66 
discovery, 61 

Radioisotopes, naturally occurring, 62 
Radium, $e€ also Alkaline earth elements 
chemical characteristics, 849, 850 
discovery, 61 
physical constants, 846 
Radium halides, 856 
Radium peroxide, 859 
Radius ratio, 137 
effect on crystal radii, 143-144 
Radon, see alto Actinon, Thoron 
chemical characteristics, aluminum- 
(III) halide derivatives, 382 
hydrate, 381 
phenol derivative, 382 
history, 374 
physical constants, 375 
recovery from radium, 384-385 
Rare earth elements, eee alto I^anthanide 
elements 

electronic configurations, 103-104 
Realgar, structure, 549, 656 
Reduction, 280-281 

Representative elements, electronic con¬ 
figurations, 102-103 


Representative elements, general char¬ 
acteristics, 417 

Resonance, covalent bonds, 194-195 
nature of, 194 
origin of, 194 

relationship to bond distances, 195 
relationship to bond strengths, 194 
nucleus, 18 

Resonance energy, 194 
Resonance link, in diborane, 790 
Resonance structures, 195 
Rhenium, tet Transition elements (peri¬ 
odic group Vila) 

Rhenium carbonyl, 707, 710-711 
Rhodium, see Transition elements (peri¬ 
odic group VIII) 

Rhodium carbonyls, 707, 710 
Rollin film, 376 

Roussin’s black salts, 602, 604, 605 
Roussin’s red salts, 602 
Rubidium, see alto Alkali metals 
I chemical characteristics, $22, 823 
physical constants, 819 
Ruby, 754 
a 3 mthetic, 755 
Rule of eight, 86, 172 
limitations, 175-178 
Rule of two, 178 

Ruthenium, tu Transition elements 
(periodic group VIII) 

Ruthenium carbonyls, 707, 710 
Ruthenium purple, 721 
Rydberg constant, 81 

Samarium, tet Lanthanide elements 
Sapphire, 754 
synthetic, 755 

Scandium, see Transition elements (peri¬ 
odic group Ilia) 

Schdnites, 539, 541 
Schottky defects, 225 
Selenic acid (salts), 540, 541 
Selenium, see also Oxygen family 
chemical characteristics, 493 
oxidation states, 483 
physical constants, 482 
preparation, 493 

Selenium compounds, halides, 520, 521 
oxides. 527-528, 531 
oxy acids, 540, 541 
Selenium modifications, 491-492 
Selenocyanogen, 469 
Semi-polar bond, 193, 232 
Siderophilic elements, 29 
Silanes, see Silicon compounds, hydrides 
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Silicft, see also Siiiooii compounds, oxides, 
dioxide 
Rel, G92-G93 
structure, 728 
Silicates. 721-729 
applications, 729 
meta-, 725 

nntjirally occurring, 722-729 
classification. 722-723 
isomorphous replacement, 722-723 
structures, 723-729 
soluble, 722 
structures, 723-729 
discrete anions, 724-725 
extended anions, 725-728 
three-dimensional networks, 72$- 
729 

telramcta-, 725 
Silicic acid. 693, 721 
Silicon, chemical characteristics, 670 
organic chemistry, 729-730 
physical constants, 662 
preparation, 671 

Silicon compounds, bond energies, 672 
carbide, 098 

cationic compounds, 731 
halogen conipoun'ds, 678-681,' 682- 
C85 

halides, 678-681, 682 
halosilancs, 730, 682-684, 685 
oxy halides, 683-685 
hydrides, 673, 674-676 
chemical characteristics, 674- 675 
derivatives, 676 
physical constants, 673 
preparation, 675-676 
nitride, 696 

nomenclature, 731-732 
oxides, dioxide, 69l-693;»« a/so Silica 
chemical characteristics, 692 
modifications, 691, 692 
phase relationships, 691 
structures, 691, 692 
monoxide, 687-688 
silico-oxalic acid, 682 
sulfide, 605 

Silicon modifications, 660 
Silicones, 730 

Siliconium compounds, 731.765 
Silicon-oxygen tetrahedra, 723 
Siloxanc, 730 
halo, 684 

Silver, sec also Coinage metals 
chemical clmracteristics. 822. 82:1 
oxidation potential data. 304. 825 
oxidation states, 821, 825-831 


Silver, physical constants, 819 
preparation, 824 

Silver compounds, carbonyl sulfate, 7 Hi 
complexes, with ethylcnic materials. 

840-841 
cyanide, 718 
halides, silverfl), 832 
silverfll) fluoride, 833-831 
sub-. 834-835 

oxidation states, characteristics of, 
+1. 820. 827-828 
-1-2, 828-829 
-1-3, 829, 830-831 
oxides, silver(I), 835-836 
Bilvcr(II), 830 
silverdll), 830-837 
sclcnidc, 837 
sulfide, 837 
telluride, 837 

Silver isotopes, concentration, 48 
Size-charge relationships, 152 
Size relationships, 127-152; su also 
Radii 

applications, 151-152 
factors determining, 129 
among transition elements, 146 
trends. 146-151 
Sodalite, structure, 729 
Sodium, see also Alkali mctuls 
cheniical characteristics, 822, 823 
physical constant.^, 819 
preparation and production, 822, 821 
Sodium compounds, see also Alkali 
metal compounds 
borates, structures. 810 
borohydri<le, see Iloroliy«lridc,s 
(metal) * 

chloride, struettire, 137 
hydride, 406, 407. 408 
nitrosyl, 598 

phosphates, meta- , 649 654 
Solid solutions, interstitial. 221 
substitutional, 220 
Solubility, in polar solvents, 342-344 
relationship to hydrogen bonding, 
190-191 

Solvation, of anions, 189 
of ions in equations, 281-282 
or proton, 309 

Solvation energy, relationship to oxida¬ 
tion potentials, 294-296 
relationships to solubility, 342-343 
Solvents, acidic, 312 
amphiprotic, 312 
aprotic, 312 
basic, 312 
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Solvents, classification. 338-342 
differentiating, 316, 339-340 
electrolytic, 339 
equivalent groups, 340, 342 
historical development, 337-338 
leveling, 315, 339-340 
non-aqueous, 337-369 
polar, solubility relationships. 342- 
344 

protonic, 312 
water-like, 341-342 
physical constants, 341 
Solvents (non-aqueous), 337-309 
acetonitrile, 357 
acid amides, 354 
acid anhydrides. 357 
acids, aliphatic, 356-357 
alcohols, 355 
amines, 354-355 
ammonia, 344-352 
acid-base behaviors, 350 
ammonation reactions. 351 
arnmonoiysis reactions, 351-352 
metal solutions, 217-218, 347-349 
metathesis reactions, 351 
reactions, 349-352 
reduction reactions, 349-350 
solubilities, 344-347 
ammonias, substituted, 352-355 
bromine trifliioride, 325-326. 3()6 
carbonyl chloride, 323-324, 365 
dinitrogcn(IV) oxide, 325, 366-307 
electrodepoflition from, 367-368 
cthanolamines, 354 
ethers, 355 
ethylenodiaminc, 355 
hydrazine, 353-354 
hydrogen cyanide, 361 
hydrogen fluoride, 357-360 
di.ssolution processes, 358-300 
ions in, 358-359 
solubilities, 358 
hydrogen sulfide, 360 
thiohydrolysis reactions, 300 
hydroxylamine, 352-353 
ketones, 350 

mercuryfll) bromide, 367 
nitric acid, 362, 596 
nitroiiK'thnne, 357 
nitro.syl chloride. 366 
organic liquids. 355-357 
selenium oxychl«»rid<’. 325. 365 
sulfuric acid. 361 -3l*2 
cryo-^copic! stuilics, 506, 010-611 
Soinnicrfcld theory, 84-86 


Spectra, atomic, 79-80 
hydrogen, 81-83 
Spectra, x-ray, 12-14 
Sphalerite, structure, 133 
Spinels, 756-757 
Spodumene, structure, 726 
Stannanes, see Tin compounds, liydrides 
Stationary states, electronic, 81, 82, 85 
Stereochemistry, various elements, 2G9 
Stereoisomerism, coordination number 
2, 253 

coonlination nuinber 3, 253 
coordination number 4, 253-257 
optical activity, 255 
orbital hybridization, 250-257 
square planar arrangement, 253- 
257 

in platinumfll) complexes, 254- 
256 

trans effect, 256 
tetrahedral arrangement, 254 
coordination number 5, 258 
coordination number 6, 258-207 
octahedral arrangement, 259 
optical isomerism, 204-267 
orbital hybridization. 259-261 
possible arrangements, 258-259 
coordination number 7, 207-268 
coordination number 8, 268, 270 
orbital hybridization. 270 
Strontium, see also Alkaline earth 
metals 

chemical characteristics, 849, 850 
physical constants, 846 
preparation, 851 

Strontium compounds, azide, 860 
complexes, SOI* 
halides, 856, 857 
hydride. 407, 408, 412 
nitride, 860 
oxide, 858 
salts, 861 
seicnide, 859 
sulfide, 859 
telluridc, 859 

Sulfamic acid (salts), 551-552 
Sulfamidc, 522, 553 
Sulfites, see Sulfurous acid 
Sulfite vs. .sulfonate, 536 
Sulfoxylic acid (salts), 533-534 
Sulfur, chemical characteristics, 492 
493 

oxidation states, 482, 4S3 
physical con'^timts, 4.82 
preparation and production, 403 
Sulfur compounds, halides, 518--521 
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Sulfur compounds, bromides. 5Il>, •'*21 
chlorides, rilO, 520-521 
fluorides, 5iy--521 
physical constants, 519 
hydrogen compounds, 515-518 
pcrsullidc, 516-518 
polysulfitles, 516-518 
sulfide, 341, 494, 515-516 
nitrides, see Nitrogen compounds, 
sulfides 

nitrogen compounds, 547-555 
oxides, 525-533 

dioxide, 527-528; see also Solvents 
(non-aqueous) 
hydrate, 382 
physical constants, 341 
preparations, 527 
properties, 527 
heptoxide, 331, 533 
monoxide, 525-526 
sesquioxidft, 527 
tetroxide, 533 
trioxidc, 528-531, 532 

chemical characteristics, 530-531 
hydrates, 531, 532 
modifications, solid, 528-530 
physical constants, 529 
preparation, 529-531 
vapor pressure relationships, 
529-530 

oxy acids (salts), 533-547 
compositions, 534 
dilhionous, 535-536 
halogen-containing, 524-525 
chlorosulfonic, 524:-525 
fluosulfonic, 522, 524-525 
hyposulfurous, see Sulfur com¬ 
pounds, oxy acids, dithionous 
peroxy, 508, 512-514 
pyrosulfuric, 541-542 
pyrosulfurons, 537-538 
sulfuric, see Sulfuric acid (salts) 
suifurous, sec Sulfurous acid (salts) 
thionic, see Thionic acids (salts) 
thiosulfuric, 542-543 
structure, 543 
oxy halides, 521-524 
chemical characteristics, 523 
]*hysical constants. 522 
preparation, 523, 524 
pyrosulfuryl, 521, 522, 524 
structures, 521, 523 
sulfuryl halides, 521-524 
thionyl halides, 521-524 
Sulfur modifications, 487-491 
gas, 491 


Sulfur modifications, liquid, 490 -191 
cflorts uixjii jiropcrtics, 490-491 
Iransfornialions, 490-491 
phase relationships, 491 
plastic, 489-490 
solid. 488. 189-490 
iiionoclinic, 489 
physical constants, 488 
rlioinhic, 489 
transformations, 489 
Sulfur molecular species. 487 489 
structures, 487-488 

Sulfuric achl (suits), 538-.'i42: see nhn 
Solvents (non-uqueoiis) 
nitrogen derivatives, 550 55.'>, 572 
jMily, 610 

properties, 538-539 
structure, 538 

Sulfurous acid (salts), 536 537 
isomerism, 536 
preparation, 536 
properties, 530-537 
structure, 536 

Superfluid (low, 49, 376, 377 
Superoxides. 508-511 
examples, 508 
formation, 509, 510 
properties, 509-510 
structure, 609 

Talc, structure, 727, 728 
Tantalum, tee Transition elements 
(periodic group Va) 

Tantalum compounds, carhide, 699, 700 
peroxy acids (salts), 508, 514 
Technetium, see Transition elements 
(periodic group Vila) 

Telluric acids (salts), 541 
Telluric screw, 111-112 
Tellurium chemical chanicteristirs, 493 
physical constants, 482 
preparation, 493 

Tellurium compounds, halides, 520 531 
oxides, 528, 531 

Tellurium modifications, 491-402 
Terbium, see lanthanide elements 
Thallium, chemical characteristics, 739 
740 

oxidation potential data, 736 
oxidation states, 736-737 
physical constants, 735 
preparation. 741 
Thaltium(l) compounds, 769 
Thallium(IIl) compotmds, complexes, 
705-768 

halides, 745, 749, 751 
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Thalliumdll) compounds, oxide, 757 
Thermal diffusion, 44-45 
Thiooyanogcn, 467-409; see also Para- 
lliioryanogon 

Thiocyanogen halides, 473 
Thionic acids (salts), 543-547 
dithionic acid (salts), 544-545 
polythionic acids (salts), 545-547 
structures, 543-544 
Thomsonite, structure, 729 
Thorium, see also Actinide elements 
oxidation potential data, 877 
recovery from monazite, 905 
Thorium compounds, boride, 771, 772 
borohydride, 782, 783, 785 
carbide, 697, 698 

Thorium (4«) decay scries, 62, 64, 917 
Thoron, 374 

Thorteveitite, structure, 725 
Thrcc-electron bonds, 212-213 
Thulium, see Lanthanide elements 
Tin, chemical characteristics, 670 
physical constants, 662 
preparation and production, 671 
Tin compounds, halides, 679-680, 681- 
682 

hydrides. 673, 677 
nitride, 096 
oxides, 688, 693, 694 
peroxy acid (salts), 508, 514 
stannates, 694 
sulfides, 695, 696 
thiostannates, 696 
Tin disease, 070 
Tin modifications, 669-670 
Titanium, see Transition elements (peri¬ 
odic group IVa) 

Titanium compounds, carbide, 099, 700 
peroxy acids (salts), 508 
Titanium family borides, 770, 772 
Titanium family borohydrides, 782, 
7a3, 786 

Trans effect, 256 
Transition elements, 863-890 
characteristics of families, 876-890 
characteristics related to electronic 
configurations, 869-876 
color and absorption spectra, 874- 
875 

complex formation, 875-876 
interstitial compounds, 876 
magnetic properties. 169-170, 874 
oxidation states, 873-874 
electronic arrangements, 103-106 
pljyslcal constants, 870-872 


Transition elements (periodic group 
Ilia), 876 

physical constants, 870-872 
Transition elements (periodic groiio 
IVa), 876-877 ^ 

abundances, 876 
applications, 876 
oxidation potential data, 877 
oxidation states, 873-874 
physical constants, 870-872 
preparation, 877 
properties, 877 

Transition elements (periodic group 
Vs), 877-879 
abundances, 877 
applications, 878 
oxidation potential data, 878 
oxidation states, 873-874, 878-879 
physical constants, 870-872 
preparation, 879 
properties, 878 

Transition elements (periodic group 
Via), 879-882 
abundances, 879 
applications, 879 
oxidation potential data, 880 
oxidation states, 873 -874, 880-882 
physical constants, 870-872 
preparation, 882 
properties, 879-880 
Transition elements (periodic group 
Vila), 882-885 
abundances, 882 
applications, 882 
oxidation potential data, 883 
oxidation states, 873-874, 883-885 
physical constants, 870-872 
preparation, 885 
properties, 882-883 

Transition elements (periodic group 
VUI), 885-890 
ferrous metals, 885-888 
abundances, 885 
applications, 885 
oxidation potential data. 886 
oxidation slates, 873-874, 886-887 
physical constants, 870-872 
preparation, 887-888 
properties, 885-886 
platinum metals, 888-890 
abundances, 888 
applications, 888 
oxidation potential data, 889 
oxidation slatc.s, 873-874. 888 890 
preparation, 890 
properties, 888 
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Transition metal carl)i<lca, G99-700 
Transition metal ions, magnetic mo¬ 
ments, 109 

Transition metal peroxy co>ni>ounds, 
511,512,514 

Transuranium elemonta, 70- 77; see nlao 
Actinide elements 
electronic coiifiguratH)iis, 104, 100 
Trcmolite, structure. 720 
Tridymite, 691, 092 
Triiodide ion. 45:1, 454. 458 
Tritium, 394-395; see also Hydrogen 
isotopes ■ 

occurrence in nature, 394 
physical constants, 395 
radioactivity, 395 
synthesis, 394-395 
Trouton’s constant, 449 
Tungsten, see Transition clenieiits (peri¬ 
odic group Via) 

Tungsten compounds, blues, 881 
l>ronzes, 882 
carbides, 699-700 

carbonyl, hexa-, 703, 707, 708, 709 
peroxy acids (salts), 508, 514 
Turnbull’s blue, 720-721 

Ultramarines, 729 
boron, 811 

Uncertainty principle, 84 
Uraitidc elements, 892 
Uranium, see Actinide elements 
Uranium comiwunds, boride, 771, 772 
borohydride, 782, 783, 785 
carbide, 697 
deuteride, 415 
fluoride, hexa-, 46 
hydride, 415 

peroxy acids (salts), 508, 514 
Uranium (4n + 2) decay series, 02, 05, 
918 

Uranium isotopes, separation, 40-41, 
43-44, 45, 40 
Urea, 089, 090 

Valency, definition, 171 
development of electronic theory. 
171-175 

electrostatic concept, 172 
Kossel’s appro.ach, 173, 174 
Lewis's approach, 174-175 
primary, 

relationship to electrons, 173 
relationship to stable configurations, 
173-175 
secondary, 230 


Valency, structural concept, 172 
Vanadium, see Transition elciiMiits 
(periodic group Va) 

Vanadium compounds, carbides, 097, 
699, 700 

peroxy acids (salts), 508 
Vanadium family borides, 770, 772 
van der Waals forces, 215 
liquefaction of inert gas elements, 370 
liquefaction of nitrogen, 500 
Verneuil process, 755 
Vorce cell, 424 

Wackenroder's liquid. 546 
Walden inversion, 267 
Water. 494-500 
acid-base character, 497 
association, 496 
chemical characteristics. 497 
derivatives, 500-503 
modes of occurrence, 497 500 
anion, 498-499 
of constitution, 498 
'coordinated, 498 
hydrated colloids, 500 
lattice, 499 
seolitic, 499-500 

oxidation-reduction characteristics, 
497 

phase relationships, 495 
physical constants, 341, 494 
solid forms, 495-490 
structure, liquid. 490 
solid, 496 

Water molecule, structure, 180, 200, 
207-208. 495 
Werner complexes, 227 
Werner’s theory, 229-230 
applications, 230-232 
Willemite, structure, 724 
Wollastonite, structure, 725 
Wurtzite structure, 133 

Xenon, see also Inert gas elements 
chemical characteristics, dcutcrohy- 
dratc, 381 
hydrate, 381 
phenol derivative, 382 
-quinol clathratc, 382 
discovery, 374 
physical constants, 3T3 

Ytterbium, see Lanthanide elements 
Yttria, 891 

Yttrium, ae«Ijinthanidcclements;Tran- 
sition elements (periodiegroupl I la) 
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Zf*olitcs, in cxchanRC reactions, 51 
structure, 728-729 
Zero point energy, 49. 390 
Zinc, chemical characteristics. 849-851 
oxidation potential data, 850 
physical constants, 847 
preparation and production. 852 
Zinc blende structure, 133 
Zinc romi>ounds. “basic” acetate, 800 
cotnplexes, 804-867 
halides, 850, 857 
oxide. 859 
salts, 861 
selenide, 859 
sulfide, 859 


Zinc compounds, telluride, 859 
Zinc family elements, 845-867 
abundances, 845 
chemical characteristics, 848-851 
compounds, 852-807 
family relationships, 845-848 
oxidation potential data, 850 
oxidation states, 848, 852-855 
physical constants, 847 
preparation and production, 852 
Zinc family peroxides, 508, 511 
Zircon, structure, 724 
Zirconium, see Transition elements 
(periodic group IVa) 

Zirconium carbide, 699, 700 




